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STORAGE BATTERY ELECTRODE,
MANUFACTURING METHOD THEREOL,

STORAGE BATTERY, ELECTRONIC
DEVICE, AND GRAPHENE

TECHNICAL FIELD

One embodiment of the present invention relates to a
storage battery electrode, a manufacturing method thereot, a
storage battery, an electronic device, and graphene.

Note that one embodiment of the present invention 1s not
limited to the above technical field. One embodiment of the
invention disclosed in this specification and the like relates
to an object, a method, and a manufacturing method. More-
over, one embodiment of the present invention relates to a
process, a machine, manufacture, or a composition of matter.
Specifically, examples of the techmical field of one embodi-
ment of the present mnvention disclosed in this specification
include a semiconductor device, a display device, a light-
emitting device, a power storage device, a storage device, a
method for driving any of them, and a method for manu-
facturing any of them.

BACKGROUND ART

With the recent rapid spread of portable electronic devices
such as mobile phones, smartphones, electronic books, and
portable game machines, secondary batteries for drive
power supply have been increasingly required to be smaller
and to have higher capacity. Nonaqueous secondary batter-
ies typified by lithium-ion secondary batteries, which have
advantages such as high energy density and high capacity,
have been widely used as secondary batteries used for
portable electronic devices.

A lithtum-1on secondary battery, which 1s one of non-
aqueous storage batteries and widely used due to 1ts high
energy density, includes a positive electrode including an
active material such as lithium cobalt oxide (L1CoQO,) or
lithium 1ron phosphate (LiFePO,), a negative electrode
formed of a carbon material such as graphite capable of
reception and release of lithium 10ns, a nonaqueous electro-
lytic solution 1n which a supporting electrolyte formed of a
lithium salt such as LiBF, or L1PF 1s dissolved 1n an organic
solvent such as ethylene carbonate or diethyl carbonate, and
the like. A lithium-1on secondary battery 1s charged and
discharged 1n such a way that lithium 10ns 1n the secondary
battery move between the positive electrode and the nega-
tive electrode through the nonaqueous electrolyte solution
and 1nserted 1nto or extracted from the active materials of the
positive electrode and the negative electrode.

A binder 1s mixed into the positive electrode or the
negative electrode 1n order that active materials can be
bound or an active material and a current collector can be
bound. Since the binder 1s generally an organic high molecu-
lar compound such as polyvinylidene fluoride (PVDF)
which has an isulating property, the electron conductivity
of the binder 1s extremely low. Therefore, as the ratio of the
mixed binder to the active material 1s increased, the amount
of the active material 1n the electrode 1s relatively decreased,
resulting 1n the lower discharge capacity of the secondary
battery.

Hence, by mixture of a conductive additive such as
acetylene black (AB) or a graphite particle, the electron
conductivity between active materials or between an active
material and a current collector can be improved. Thus, an
active material with high electron conductivity can be pro-
vided (see Patent Document 1).
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Graphene oxide (abbreviation: GO) 1s mixed with an
active material, a binder, a solvent, or the like to make a
mixture, and then the mixture 1s heated, whereby an active
maternial layer can be formed. The graphene oxide in the
active material 1s reduced by the heat treatment, so that the
graphene can be an active maternial that functions as a
conductive additive. It has been found that in such an active
matenal layer, a network for electron conduction 1s formed

and excellent electron conductivity 1s obtained (see Patent
Document 2).

REFERENCE

Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2002-110162

|[Patent Document 2] Japanese Published Patent Application
No. 2014-007141

DISCLOSURE OF INVENTION

In the development of a storage battery, an electrode
including an active material layer with high electron con-
ductivity has to be used in order to increase discharge
capacity. For formation of the active maternial layer with high
clectron conductivity, graphene oxide with high dispersibil-
ity with respect to a solvent needs to be used. In addition, 1t
1s necessary that the graphene obtained by reduction of the
graphene oxide have excellent electron conductivity. In
order to save the energy and shorten the time for manufac-
turing electrodes, graphene oxide that can be easily reduced
has to be used for manufacturing the electrodes.

An object of one embodiment of the present invention 1s
to improve the dispersibility of graphene oxide with respect
to a solvent. Another object 1s to improve the electron
conductivity of the graphene. Another object 1s to provide
graphene oxide that can be easily reduced.

Another object of one embodiment of the present 1nven-
tion 1s to provide an electrode for storage battery including
an active material layer with high electron conductivity.
Another object of one embodiment of the present invention
1s to provide a method for manufacturing an electrode for
storage battery including an active material layer with high
clectron conductivity. Another object of one embodiment of
the present invention 1s to provide a battery with high
discharge capacity. Another object of one embodiment of the
present invention 1s to provide a storage battery with
improved cycle characteristics. Another object of one
embodiment of the present invention 1s to provide a storage
battery with a long lifetime. Another object of one embodi-
ment of the present invention 1s to provide a novel storage
battery, a novel electrode, a novel material, or novel gra-
phene. Another object of one embodiment of the present
invention 1s to provide a novel method for manufacturing a
storage battery, a novel method for manufacturing an elec-
trode, a novel method for manufacturing a material, or a
novel method for manufacturing graphene.

Note that the descriptions of these objects do not disturb
the existence ol other objects. In one embodiment of the
present mnvention, there 1s no need to achueve all the objects.
Other objects will be apparent from and can be derived from
the description of the specification, the drawings, the claims,
and the like.

One embodiment of the present invention 1s a method for
manufacturing a storage battery electrode 1n which an active
material layer including graphene 1s formed over a current
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collector. The method for manufacturing a storage battery
clectrode includes a step of dispersing graphene oxide 1n a
solution containing alcohol or acid, a step of heating the
graphene oxide dispersed in the solution, and a step of
reducing the graphene oxide.

One embodiment of the present imnvention 1s a method for
manufacturing a storage battery electrode. The method
includes a step of dispersing graphene oxide 1n a solution
containing alcohol or acid, a step of heating the graphene
oxide dispersed in the solution, a step of forming a mixture
of the graphene oxide, an active material, a binder, and a
solvent, a step of applying the mixture on a current collector,
a step of removing a solvent contamned in the applied
mixture, and a step of reducing the graphene oxide contained
in the applied mixture, so that an active material layer
including graphene 1s formed over the current collector.

One embodiment of the present imnvention 1s a method for
manufacturing a storage battery electrode. The method
includes a step of dispersing graphene oxide 1n a solution
contaiming alcohol or acid, a step of heating the graphene
oxide dispersed in the solution, a step ol mixing the gra-
phene oxide and an active material to form a first mixture,
a step of reducing the graphene oxide contained 1n the first
mixture to form a second mixture, a step of applying a third
mixture containing the second mixture, a binder, a conduc-
tive additive, and a solvent on a current collector, and a step
of removing the solvent contained in the third mixture, so
that an active material layer including graphene 1s formed
over the current collector.

According to one embodiment of the present invention, 1n
cach of the methods for manufacturing a storage battery
clectrode, the graphene oxide 1s reduced by heating.

According to one embodiment of the present invention, 1n
cach of the methods for manufacturing a storage battery
clectrode, the graphene oxide i1s reduced by heating at a
temperature higher than or equal to 60° C. and lower than or
equal to 150° C.

According to one embodiment of the present invention, 1n
cach of the methods for manufacturing a storage battery
clectrode, the graphene oxide 1s reduced by being immersed
in a polar solvent containing a reducing agent.

One embodiment of the present invention 1s a storage
battery electrode manufactured by any of the above methods
for manufacturing an electrode for a storage battery.

One embodiment of the present invention 1s a storage
battery electrode, including an active material layer and a
current collector. The active material layer includes an active
material, graphene, and a binder. The graphene includes an
alkyl group supported by an ether bond or an ester bond. The
active material layer 1s provided over the current collector.

One embodiment of the present invention 1s a storage
battery including a first electrode and a second electrode.
The first electrode 1s any one of the above storage battery
clectrodes and has a function of operating as one of a
positive electrode and a negative electrode. The second
clectrode has a function of operating as the other of the
positive electrode and the negative electrode.

One embodiment of the present invention 1s an electronic
device including the storage battery and at least one of a
display panel, an operation key, a speaker, and a micro-
phone.

One embodiment of the present invention 1s graphene that
1s formed by reducing graphene oxide including an alkyl
group supported by an ether bond or an ester bond.

One embodiment of the present invention 1s graphene that
includes an alkyl group supported by an ether bond or an
ester bond.
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According to one embodiment of the present invention, 1n
the graphene described above, the alkyl group has greater
than or equal to 1 and less than or equal to 4 carbon atoms.

One embodiment of the present invention 1s graphene that
1s made by reduction of graphene oxide into which alcohol
1s 1ntercalated.

According to one embodiment of the present invention, 1n
the graphene described above, alcohol has greater than to
equal to 1 and less than or equal to 4 carbon atoms.

According to one embodiment of the present invention,
the dispersibility of graphene oxide with respect to a solvent
can be improved. In addition, the electron conductivity of
graphene can be improved. Moreover, graphene oxide that
can be easily reduced can be provided.

According to one embodiment of the present invention, a
storage battery electrode including an active material layer
with high electron conductivity can be provided. According
to one embodiment of the present invention, a method for
manufacturing a storage battery electrode including an
active material layer with high electron conductivity can be
provided. According to one embodiment of the present
invention, a storage battery with high discharge capacity can
be provided. According to one embodiment of the present
invention, a storage battery with improved cycle character-
1stics can be provided. According to one embodiment of the
present invention, a storage battery with a long lifetime can
be provided. According to one embodiment of the present
invention, a novel storage battery, a novel electrode, a novel
material, or a novel graphene can be provided. According to
one embodiment of the present invention, a novel method
for manufacturing a storage battery, a novel method for
manufacturing an electrode, a novel method for manufac-
turing a material or a novel method for manufacturing
graphene can be provided.

Note that the description of these eflects does not disturb
the existence of other eflects. One embodiment of the
present invention does not necessarily achieve all the effects
listed above. Other effects will be apparent from and can be
derived from the description of the specification, the draw-
ings, the claims, and the like.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a flow chart showing a method for manufactur-
ing an electrode according to one embodiment.

FIGS. 2A to 2C 1illustrate a structure of an electrode
according to one embodiment.

FIGS. 3A and 3B each illustrate a reaction and a structure
of graphene oxide according to one embodiment.

FIG. 4 1s a flow chart showing a method for manufactur-
ing an electrode according to one embodiment.

FIG. 5 1s a flow chart showing a method for manufactur-
ing an electrode according to one embodiment.

FIG. 6 shows solid-state "°C NMR spectra of graphene
oxides.

FIGS. 7A to 7C show a charge/discharge test.

FIGS. 8A to 8D show a charge/discharge test.

FIG. 9 shows a charge/discharge test.

FIGS. 10A and 10B each show comparison of discharge
characteristics.

FIGS. 11A and 11B illustrate a coin-type storage battery.

FIG. 12 illustrates a laminated storage battery.

FIGS. 13A and 13B each illustrate a laminated storage
battery.

FIGS. 14A and 14B 1llustrate a cylindrical storage battery.

FIG. 15 illustrates examples of electronic devices.
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FIGS. 16A to 16C illustrate an example of an electronic
device.

FIGS. 17A and 17B illustrate an example of an electronic
device.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

Hereinafter, embodiments will be described with refer-
ence to drawings. However, the embodiments can be imple-
mented 1n many different modes, and 1t will be readily
appreciated by those skilled 1n the art that modes and details
thereot can be changed in various ways without departing,
from the spirit and scope of the present invention. Thus, the
present invention should not be interpreted as being limited
to the following description of the embodiments.

Note that i the structures of the invention described
below, the same portions or portions having similar func-
tions are denoted by the same reference numerals 1n different
drawings, and description of such portions 1s not repeated.
Further, the same hatching pattern 1s applied to portions
having similar functions, and the portions are not especially
denoted by reference numerals 1n some cases.

Note that 1n each drawing described in this specification,
the size, the film thickness, or the region of each component
1s exaggerated for clarity in some cases. Therelore, embodi-
ments of the present mnvention are not limited to such scales
in the drawings.

(Embodiment 1)

In this embodiment, a storage battery electrode of one
embodiment of the present mmvention i1s described with
reference to FIG. 1, FIGS. 2A to 2C, and FIGS. 3A and 3B.
FIG. 1 shows a flowchart for describing a method for
preparing graphene oxide used for formation of an electrode.
FIGS. 2A to 2C illustrate a structure of the electrode. FIGS.
3A and 3B illustrate a reaction and a structure of graphene
oxide.

FIG. 2A 1s a perspective view of a storage battery elec-
trode 100, and FIG. 2B 1s a longitudinal sectional view of the
storage battery electrode 100. Although the storage battery
clectrode 100 1n the shape of a rectangular sheet 1s 1llustrated
in FIG. 2A, the shape of the storage battery electrode 100 1s
not limited thereto and may be any appropnate shape. An
active material layer 102 1s formed on only one surface of a
current collector 101 1n FIGS. 2A and 2B; however, active
material layers 102 may be formed so that the current
collector 101 1s sandwiched therebetween. The active mate-
rial layer 102 does not necessarily need to be formed on the
entire surface of the current collector 101 and a region that
1s not coated, such as a region for connection to an electrode
tab, 1s provided as appropriate.

FIG. 2C 1s a cross-sectional view of the active matenal
layer 102. The active material layer 102 includes particles of
an active maternial 103, graphene 104 that serves as a
conductive additive, and a binder (not illustrated). The
graphene 104 may include an alkyl group supported by an
cther bond or an ester bond. Alternatively, the graphene 104
may have a structure into which alcohol may be intercalated.

FIG. 2C shows substantially uniform dispersion of the
sheet-like graphene 104 1n the active material layer 102. The
graphene 104 1s schematically shown by heavy lines 1n FIG.
2C but are actually thin films each having a thickness
corresponding to the thickness of a single layer or a multiple
layer of carbon molecules. The plurality of graphenes 104
are formed 1n such a way as to wrap, coat, or be adhered to
a plurality of particles of the active material 103, so that the
graphenes 104 make surface contact with the particles of the
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active material 103. Furthermore, the graphenes 104 are also
in surface contact with each other; consequently, the plural-
ity of graphenes 104 form a three-dimensional network for
electronic conduction.

This 1s because graphene oxides with extremely high

dispersibility 1n a solvent are used for formation of the
graphene 104. The solvent 1s removed from a dispersion
liquid 1n which the graphene oxide 1s uniformly dispersed,
and the graphene oxide 1s reduced to give graphene; hence,
pieces ol the graphene 104 remaining 1n the active material
layer 102 are partly overlapped with each other and dis-
persed such that surface contact 1s made, thereby forming a
path for electron conduction.
The graphene 1s a carbon material with a crystalline
structure 1n which hexagonal skeletons of carbon are
arranged 1n a planar form. Due to its electrical, mechanical,
or chemical characteristics which are surprisingly excellent,
the graphene has been expected to be applied to a variety of
fields of, for example, field-eflect transistors with high
mobility, highly sensitive sensors, highly-eflicient solar
cells, and next-generation transparent conductive films and
has attracted a great deal of attention.

Note that graphene 1n this specification includes single-
layer graphene and multilayer graphene including two to
hundred layers. Single-layer graphene refers to a one-atom-
thick sheet of carbon molecules having m bonds. Graphene
oxide refers to a compound formed by oxidation of such
graphene and 1s a plurality of graphenes in which the
interlayer distance between adjacent single-layer graphenes
1s greater than 0.34 nm and less than or equal to 1.5 nm. In
the multilayer graphene, strong interaction 1s generated
between single-layer graphenes. Meanwhile graphene oxide
includes a polar functional group such as an epoxy group, a
carbonyl group, a carboxyl group, or a hydroxyl group; thus
in the graphene oxide, interaction generated between single-
layer graphenes 1s low. Accordingly, a distance between a
plurality of single-layer graphenes 1n the graphene oxide 1s
larger than a distance between a plurality of single-layer
graphenes 1n the multilayer graphene.

In the case where the graphene oxide 1s reduced to form
graphene that 1s also called reduced graphene oxide (abbre-
viation: RGQO), not entire oxygen or the like contained 1n the
graphene oxide 1s removed but part of oxygen may remain
in the graphene, and an alkyl group supported by an ether
bond or an ester bond may be included. Furthermore,
alcohol that 1s intercalated into graphene oxide 1s not
entirely removed but may partly remain 1n the graphene.

In this specification and the like, a compound including
graphene as a basic skeleton 1s referred to as graphene
compound. Fach of graphene, graphene oxide, and RGO 1s
one of graphene compounds.

An active material layer to which a graphene 1s added as
a conductive additive can be manufactured by the following
method. First, after the graphene 1s dispersed 1nto a solvent,
a binder 1s added to the active material and a mixture 1s
obtained by mixing. Lastly, after the mixture 1s applied to a
current collector, the solvent 1s removed. Thus, the active
matenal layer including graphene as a conductive additive 1s
formed.

In order that a network for electron conduction can be
formed 1n an active material layer with use of the graphene
as a conductive additive, the graphene needs to be uniformly
dispersed 1n the solvent. Dispersibility 1n the solvent directly
depends on the dispersibility of the graphene 1n an active
material layer. When the dispersibility of the graphene 1s
low, the graphene 1s aggregated 1n the active material layer
and localized, which prevents formation of the network.
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Thus, the dispersibility of the graphene used as a conductive
additive in the solvent 1s an extremely important factor 1n the
improvement of the electron conductivity of the active
matenal layer.

When graphene oxide used as a conductive additive 1s
mixed with an active material, a binder, and a solvent to
form a mixture, the graphene oxide 1s uniformly dispersed.
Thus, 1n an active matenal layer in which graphene oxide 1s
reduced to form graphene, a network for electron conduction
in the active material layer 1s formed, and excellent electron
conductivity 1s obtained.

Such a difference in the dispersibility in an active material
layer between the graphene and the graphene formed by
reducing graphene oxide after the mixture including the
graphene oxide 1s formed can be explained below as a
difference 1n the dispersibility 1n a polar solvent.

The graphene 1s a crystal structure body of carbon in
which hexagonal skeletons are arranged 1n a planar form as
already described, and does not substantially include a
functional group in the structure body. The surface of the
graphene does not have polarity but hydrophobic property.
Thus, 1interaction between the polar solvent and graphene 1s
extremely low, and interaction between graphenes 1s high,
which means that graphenes are easily aggregated.

A graphene oxide includes a polar functional group such
as an epoxy group, a carbonyl group, a carboxyl group, or
a hydroxyl group. That means interaction between the
graphene oxide and a polar solvent 1s high, and the graphene
oxide 1s hardly aggregated in the polar solvent. Thus, the
graphene oxide can be uniformly dispersed in the polar
solvent.

In view of the foregoing, in order that a network with high
clectron conductivity be formed 1n an active material layer
by using the graphene as a conductive additive, use of the
graphene oxide with hugh dispersibility 1n a polar solvent 1n
manufacture of a mixture of an active material and graphene
oxide 1s very ellective.

The length of one side of the graphene oxide 1s greater
than or equal to 50 nm and less than or equal to 100 um,
preferably greater than or equal to 800 nm and less than or
equal to 20 um.

In an electrode of this embodiment, the following gra-
phene oxide 1s used as a raw material of a conductive
additive: graphene oxide including a substituent such as an
alkyl group supported by an ether bond or an ester bond, 1n
addition to the above-described functional group such as an
epoxy group, a carbonyl group, a carboxyl group, or a
hydroxyl group; and graphene oxide in which alcohol 1s
intercalated. The substituent such as an alkyl group sup-
ported by an ether bond or an ester bond 1n the graphene
oxide inhibits aggregation of graphene oxides more efli-
ciently than an epoxy group or a hydroxyl group does. The
alcohol intercalated into graphene oxide inhibits aggregation
ol graphene oxides and also prevents the hydroxyl group 1n
the graphene oxides from being an epoxy group by dehy-
drogenation. Thus, the graphene oxide including an alkyl
group supported by an ether bond or an ester bond or the
graphene oxide in which alcohol 1s intercalated can be
dispersed more efliciently and uniformly 1n a polar solvent.

A method for manufacturing graphene oxide of this
embodiment and a method for reducing the graphene oxide
are described with reference to FIG. 1.

Graphene oxide as a raw material can be prepared by an
oxide method called Hummers method (Step S11). The
Hummers method 1s as follows: a sulfuric acid solution of
potassium permanganate 1s mixed nto graphite powder to
cause oxidation reaction; thus, a first dispersion liquid
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containing graphite oxide 1s formed. Through the oxidation
of carbon of graphite, functional groups such as an epoxy
group, a carbonyl group, a carboxyl group, or a hydroxyl
group are bonded in the graphite oxide. Accordingly, the
interlayer distance between a plurality of graphene layers 1s
longer than that 1n the graphite, so that the graphite oxide can
be easily separated into thin pieces by interlayer separation.
Then, ultrasonic vibration 1s applied to the first dispersion
liquid, so that the graphite oxide can be cleaved to separate
a graphene oxide and to form a dispersion liquid containing
a graphene oxide. The solvent 1s removed from the disper-
sion liquid including the graphene oxide, so that a powdery

graphene oxide can be obtained.

Note that the method for forming graphene oxide 1s not
limited to the Hummers method using a sulfuric acid solu-
tion of potassium permanganate; for example, the Hummers
method using nitric acid, potasstum chlorate, nitric acid
sodium, and the like or a method for forming graphene oxide
other than the Hummers method may be employed as
appropriate.

The graphite oxide may be separated into thin pieces by
application of ultrasonic vibration, by irradiation with
microwaves, radio waves, or thermal plasma, or by appli-
cation of physical stress.

A solution containing alcohol or acid 1s added to a
dispersion liquid containing graphene oxide or powdery
graphene oxide to disperse graphene oxide, whereby a
second dispersion liquid 1s formed (Step S12).

As a solvent for dispersion of oxide graphene used 1n Step
S12, a solution containing alcohol or acid can be used.
Alcohol such as methanol, ethanol, 1-propanol, 2-propanol,
1-butanol, 2-butanol, 1sobutyl alcohol, or tert-butyl alcohol
1s preferably used. Long-chain alcohol is preferable because
the dispersibility of graphene oxide 1s improved. Further-
more, alcohol with a low boiling point 1s preferably used
because a solvent 1s easily vaporized by heating the second
dispersion liquid (Step S13). Thus, ethanol, 1-propanol,
2-propanol, or 2-butanol 1s preferably used.

As a solution containing acid, a solution containing car-
boxylic acid can be used. Long-chain carboxylic acid 1s
preferably used because when 1t 1s bonded to graphene
oxide, the dispersibility of graphene oxide can be improved.
Furthermore, carboxylic acid with a low boiling point 1is
preferably used because a solvent 1s easily vaporized by
heating the second dispersion liquid. Thus, formic acid or
acetic acid 1s preferably used.

Besides, organic acid such as sulfonic acid, vinyl carbox-
ylic acid, or nucleic acid or an inorganic acid such as
phosphoric acid, hydrogen halide, boric acid, or sulfuric acid
can be used as acid. As a solvent, water, acetone, methanol,
cthanol, 1-propanol, 2-propanol, dichloromethane, chloro-
form, tetrahydrofuran (THF), or the like can be used.

Next, the second dispersion liquid containing graphene
oxide 1s heated to vaporize the solvent 1n the second dis-
persion liqmd (Step S13). It 1s preferable that the second
dispersion liquid be heated under reduced pressure, at a
temperature higher than or equal to room temperature and
lower than or equal to 50° C., whereby the solvent is
vaporized. When this step 1s performed at low temperature,
bumping of the solvent can be prevented. The heat treatment
can promote a reaction ol graphene oxide, so that time
needed for reaction can be shortened. Thus, for example,
heat treatment at about 30° C. to 40° C. 1s preferably
performed. The heat temperature may be adjusted on the
basis of the boiling point of alcohol or acid added to the
graphene oxide 1n Step S12. With this operation, the gra-




US 10,529,977 B2

9

phene oxide can be modified. In addition, alcohol can be
intercalated into the graphene oxide.

The structure and reaction of the graphene oxide are
described with reference to FIG. 3A. An example of reaction
in which the graphene oxide is modified is shown in FIG. °
3A. For comparison, in Reaction Formula 1, a reaction
occurring in the case where the graphene oxide 1s heated
without performing Step S12 1s shown. In Reaction Formula
2, a reaction occurring in the case where the graphene oxide
1s heated under condition where alcohol 1s used as a solvent
for dispersing the graphene oxide i Step S12. In other
words, graphene oxides 106, 107, and 108 respectively
indicate graphene oxide that i1s not heated, graphene oxide
generated when being heated without performing Step S12,

and graphene oxide generated when being heated after Step
S12. Note that in FIGS. 3A and 3B, R indicates an alkyl

group.

As shown 1n Reaction Formula 1, when graphene oxide 1s
heated without Step S12, molecular dehydration reaction 1s 20
caused between hydroxyl groups bonded to two adjacent
carbons 1n the graphene oxide 106, and the graphene oxide
107 including an epoxy group 1s formed. In contrast, when
heating 1s performed after Step S12, the reaction shown in
Reaction Formula 1 1s inhibited, and as shown 1n Reaction 25
Formula 2, molecular dehydration reaction preferentially
proceeds between a hydroxyl group of the graphene oxide
106 and a hydroxyl group of the alcohol. As a result, the
graphene oxide 108 1n which an alkyl group 1s supported by
an ether bond (also referred to as graphene oxide 108 30
including an alkoxy group) 1s generated. In this case, the
graphene oxide 106 or the graphene oxide 108 1itself serves
as an acid catalyst.

The graphene oxide 108 includes an alkoxy group with
higher volume than that of a hydroxyl group or an epoxy 35
group; thus 1t has higher dispersibility and 1s more likely to
separate 1n the solvent than the graphene oxide 106.

In order to reduce the graphene oxide 107 including an
epoxy group by heating, heat treatment 1s needed to be
performed at a high temperature 1n some cases. In contrast, 40
in the graphene oxide 108, generation of an epoxy group 1s
inhibited. Thus, the graphene oxide 108 1s likely to be
reduced (Step S17) at a lower temperature than the case of
the graphene oxide 107.

When the graphene oxide 1s dispersed in a solution 45
containing a carboxylic acid, epoxide ring-opening reaction
occurs between a carboxyl group included 1n the carboxylic
acid and an epoxy group included 1n the graphene oxide, so
that ester 1s generated. Thus, an alkyl group 1s supported by
an ester bond 1n the graphene oxide, so that aggregation of 50
graphene oxides can be inhibited.

FIG. 3B shows an example of the structure of graphene
oxide to which alcohol 1s intercalated. Alcohol 110 can be
inserted (intercalated) between the graphene oxides 108 by
interaction with a substituent such as a hydroxyl group 55
included 1n the graphene oxide. Accordingly, aggregation of
graphene oxides with hydrogen bond can be prevented. In
addition, the hydroxyl group 1n the graphene oxide can be
prevented from being an epoxy group by dehydrogenation.

Note that graphene oxide to which alcohol can be inter- 60
calated 1s not limited to the graphene oxide including an
alkoxy group (e.g., the graphene oxide 108). Even in gra-
phene oxide without an alkoxy group (e.g., the graphene
oxide 106 or the graphene oxide 107), alcohol can be
intercalated. 65

Next, a method for generating graphene by reducing the
graphene oxide 1s described.
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First, the graphene oxide that has been subjected to Step
S13 1s added to a solvent and dispersed, so that a third
dispersion liqud 1s formed (Step S14).

As a solvent used for the third dispersion liquid, a polar
solvent other than water can be used. Examples of the
material of the polar solvent are methanol, ethanol, acetone,
dimethylformamide (DMF), N-methylpyrrolidone (NMP),
dimethyl sulfoxide (DMSO), and a mixed solution of any
two or more of the above.

Next, an active material 1s added to the third dispersion
liquid and mixed, whereby a mixture 1s formed (Step S15).
In this step, a binder may be mixed into the mixture. A
solvent may be added as needed.

Next, the mixture formed 1 Step S135 1s heated (Step
S16). In this step, heat treatment 1s performed at a tempera-
ture higher than or equal to 60° C. and lower than or equal
to 170° C., for a time period longer than or equal to a minute
and shorter than or equal to 10 hours, whereby the solvent
1s vaporized. There 1s no particular limitation on the atmo-
sphere.

Next, reduction treatment 1s performed on the heated
mixture (Step S17). For a reduction method, at least one of
thermal reduction, chemical reduction, and the like 1s per-
formed. As described above, the graphene oxide of this
embodiment has a property of being likely to be reduced at
a low temperature. Thus, under the reduction condition that
1s milder than the conventional case, graphene can be
formed.

In the case where thermal reduction 1s performed 1n Step
S17, the maxture that has been heated i Step S16 1s
subjected to heating 1n a reduction atmosphere or a reduced
pressure atmosphere. Heating 1s preferably performed for a
time period longer than or equal to an hour and shorter than
or equal to 30 hours, at a temperature higher than or equal
to 60° C. and lower than or equal to 170° C., further
preferably higher than or equal to 60° C. and lower than or
equal to 150° C. Through this step, the solvent or water left
in the mixture 1s vaporized, and oxygen contained in an
epoxy group 1n the graphene oxide 1s released. Thus, the
graphene oxide can be processed into graphene. Note that
oxygen 1n the graphene oxide 1s not necessarily entirely
released and may partly remain in the graphene. The thermal
reduction may be performed concurrently with the heat
treatment 1n Step S16.

The substituent such as an alkyl group supported by an
cther bond or an ester bond 1n the graphene oxide 1s released
in a form of alcohol, an alkoxide i1on, carboxylic acid, a
carboxylate 1on, or the like. Note that the substituent 1n the
graphene oxide 1s not necessarily entirely released and may
partly remain in the graphene.

The above alcohol, alkoxide 1on, carboxylic acid, car-
boxylate 10on, or the like has superior release property to
oxygen. Thus, i the thermal reduction in a method for
manufacturing an electrode of this embodiment, reduction
can be performed at a lower temperature than the conven-
tional case. Specifically, the mixture can be reduced by
heating at a temperature higher than or equal to 60° C. and
lower than or equal to 100° C. for a time period longer than
or equal to an hour and shorter than or equal to 30 hours, 1n
a reduction atmosphere or a reduced pressure atmosphere.
The heating temperature may be adjusted on the basis of a
boiling point of alcohol or carboxylic acid added to the
graphene oxide 1 Step S12.

In the case where chemical reduction 1s performed 1n Step
S17, the mixture that has been heated i Step S16 1s
immersed 1 a solvent containing a reducing agent, so that
the graphene oxide 1s reduced. Note that oxygen and sub-
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stituents such as an alkyl group 1n the graphene oxide are not
necessarily entirely released and may partly remain in the
graphene. This reduction treatment 1s preferably performed
at higher than or equal to room temperature and lower than
or equal to 150° C.

Examples of the reducing agent are ascorbic acid, hydra-
zine, dimethyl hydrazine, hydroquinone, sodium boron
hydride (NaBH,), tetra butyl ammonium bromide (TBAB),
L1AlH,, ethylene glycol, polyethylene glycol, N,N-diethyl-
hydroxylamine, and a derivative thereof.

A polar solvent can be used as the solvent. Any material
can be used for the polar solvent as long as 1t can dissolve
the reducing agent. For example, any one of water, metha-
nol, ethanol, acetone, THF, DMF, NMP, DMSO, and a
mixed solution of any two or more of the above polar
solvents can be used.

As the reducing solution containing a reducing agent and
a solvent, a mixed solution of ethanol and ascorbic acid, or
a mixed solution of water, ascorbic acid, and lithium hydrox-
ide can be used.

Then, cleaning i1s performed, so that the solvent included
in the active material layer 1s removed. The cleaning 1is
preferably performed using a solution given as the solvent
contained in the reducing solution. The solution may be
either the same as or different from the solvent contained 1n
the reducing solution. The step 1s preferably performed 1n a
reduced pressure atmosphere or a reduction atmosphere. For
example, this step 1s preferably performed at 50° C. to 100°
C. inclusive for 1 hour to 48 hours inclusive under reduced
pressure. Thus, the polar solvent and water can be vaporized
ciiciently. This step can also facilitate the reduction of the
graphene oxide.

Through the above steps, the graphene oxide 1s reduced,
so that graphene can be formed on the surface of the active
materal.

Next, the other components in the storage battery elec-
trode 100 are described.

The current collector 101 can be formed using a material
which has high conductivity and is not alloyed with carrier
ions such as lithium 1ons, e.g., a metal typified by stainless
steel, gold, platinum, zinc, iron, copper, aluminum, titanium,
or tantalum, or an alloy thereof. Alternatively, an aluminum
alloy to which an element which improves heat resistance,
such as silicon, titanium, neodymium, scandium, or molyb-
denum, 1s added can be used. Still alternatively, a metal
clement which forms silicide by reacting with silicon can be
used. Examples of the metal element which forms silicide by
reacting with silicon include zirconium, titanium, hatnium,
vanadium, niobium, tantalum, chromium, molybdenum,
tungsten, cobalt, nickel, and the like. The current collector
101 can have a foil-like shape, a plate-like shape (sheet-like
shape), a net-like shape, a punching-metal shape, an
expanded-metal shape, or the like as appropriate. The cur-
rent collector 101 preferably has a thickness greater than or
equal to 10 um and less than or equal to 30 um.

The active material 103 1s 1n the form of particles made
ol secondary particles having average particle diameter and
particle diameter distribution, which 1s obtained in such a
way that material compounds are mixed at a predetermined
rat1o and baked and the resulting baked product 1s crushed,
granulated, and classified by an appropriate means. There-
fore, the active materials 103 are schematically illustrated as
spheres 1n FIG. 2C; however, the shape of the active
materials 103 1s not limited to this shape.

When a storage battery electrode 1s formed to be used as
a positive electrode of a storage battery, a material into and
from which lithium 10ns can be 1nserted and extracted can be
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used for the active material 103; for example, a lithium-
containing complex phosphate, lithium-containing complex
silicate, or lithium-manganese composite oxide each which
have an olivine crystal structure, a layered rock-salt crystal
structure, or a spinel crystal structure can be used.

As the lithium-contaiming complex phosphate with the
olivine crystal structure, a composite phosphate represented
by a general formula LiMPO, (M 1s one or more of Fe(Il),
Mn(II), Co(Il), and Ni(II)) can be given. Typical examples
of LiMPO, (general formula) are LiFePO,, LiNiPO,,
[1CoPO,, LiMnPO,, LiFe Ni,PO,, LiFe Co,PO., LiFe,
Mn,PO,, LiN1_Co,PO,, LiN1_ Mn,PO, (a+b=1, 0<a<l1, and
0<b<1), LiFe N1 ,Co PO,, LiFe N1 MnPO,, LiN1 Co,
Mn PO, (c+d+e=l, O<c<1, 0<d<1, and O<e<1), and LiFe,
N1,Co,Mn, PO, (f+g+h+i=1, 0<i<l, O0<g<l, 0<h<l, and
0<a<1).

LiFePO, 1s particularly preferable because 1t meets
requirements with balance for an active matenal, such as
safety, stability, high capacity density, high potential, and the
existence of lithium ions that can be extracted in 1initial
oxidation (charging).

Examples of the lithium-containing complex silicate with
a layered rock-salt crystal structure include lithium cobalt
oxide (L1CoQO,); LiNi1O,; LiMnO,; Li1,MnO;; an NiCo-
based lithium-containing material (a general formula thereof
1s LiNi1,Co,_. 0O, (0<x<1)) such as LiNi, ;Co,,0O,; an
NiMn-based lithium-containing material (a general formula
thereot 1s LiN1 Mn,_ O, (0<x<1)) such as LiN1, :Mn, :O,;
and an NiMnCo-based hithium-contaiming material (also
referred to as NMC, and a general formula thereof 1s
LiN1Mn,Co,_,_ O, (x>0, y>0, x+y<l)) such as LiNi,;
Mn, ,,Co,,,0,. Moreover, L1(N1, ;Co, ;sAlj 55)O05,
L1,MnO,—L1MO, (M=Co, N1, or Mn), and the like can be
given as the examples.

L1Co00, 1s particularly preferable because of its advan-
tages such as high capacity and stability in the air higher
than that of LiN10O, and thermal stability higher than that of
Li1N10.,.

Further, a lithium-manganese composite oxide with a
spinel crystal structure, such as LiMn,O,, L1, Mn, O,,
Li1(MnAl),O,, or LiMn, N1, O, can be used.

A lithium-manganese composite oxide with a spinel crys-
tal structure including manganese, such as LiMn,O,, 1s
preferably mixed with a small amount of lithium nickel
oxide (e.g., LiN10O,, or LiN1,_ MO, (M=Co, Al, or the like)),
in which case elution of manganese and decomposition of an
clectrolyte solution are suppressed, for example.

Alternatively, a composite oxide expressed by Li(,_;)
MS10, (general formula) (M 1s one or more of Fe(II), Co(II),
and Ni(II), 1=0, 1, 2) can be used as the active matenal.
Typical examples ot Li(,_)MS10, (general formula) are
Li(,_)FeSi10,, Li(,_)NiSi0,4, Li(,_)CoS10,, Li(,_;)Mn-
S10,, Li(,_)Fe,N1,810,, Li(,_,)Fe,Co,510,, Li(,_)Fe,Mn,-
S10,, Li(,_,)N1,Co,S10,, L1(,_,)N1,Mn,S10, (k+l=<1, 0<k<1,
and 0<I<1), Li(,_,)Fe, Ni1,Co_S10,, Li(,_;,)Fe, Ni, Mn_S10,,
Li(,_)Ni1,Co,Mn_510, (m+n+q=<l, O<m<Il, 0O<n<l, and
0<q<l), and Li(,_,)Fe,Ni,CoMn, S10, (r+s+t+u=<l, 0<r<I,
0<s<1, 0<t<1, and O<u<1).

Still alternatively, a nasicon compound expressed by
A M,(X0O,), (general formula) (A=Li1, Na, or Mg, M=Fe,
Mn, T1, V, Nb, or Al, X=—=S, P, Mo, W, As, or S1) can be used
for the active material. Examples of the nasicon compound
are Fe,(MnQO,),, Fe,(SO,),, and Li,Fe,(PO,),. Further
alternatively, as the active matenal, a compound represented
by a general formula Li,MPO_F, Li,MP,0O,, or L1.MO,
(M=Fe or Mn), perovskite fluoride such as NaF; or FeF,,
metal chalcogenide such as T1S, or MoS, (sulfide, selenide,
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or telluride), a lithium-containing composite vanadate with
an inverse spinel crystal structure such as LiMVO,, a
vanadium oxide based material (e.g., V,0O., V0,5, and
[1V;0,), a manganese oxide based material, an organic
sulfur based material, or the like can be used.

In the case where carrier 1ons are alkali metal 1ons other
than lithium 1ons or alkaline-earth metal 10ns, the active
maternial particle may contain, instead of lithtum in the
lithium compound and the lithium-containing composite
oxide, an alkali metal (e.g., sodium or potassium), an
alkaline-earth metal (e.g., calcium, stronttum, or barium,
beryllium, or magnesium).

In the case where the storage battery electrode that 1s to
be formed 1s used as a negative electrode, a carbon-based
maternal, an alloy-based material, or the like can be used, for
example, as the active material 103.

Examples of the carbon-based material include graphite,
graphitizing carbon (soift carbon), non-graphitizing carbon

(hard carbon), a carbon nanotube, graphene, and carbon
black.

Examples of the graphite include artificial graphite such
as meso-carbon microbeads (MCMB), coke-based artificial
graphite, or pitch-based artificial graphite and natural graph-
ite such as spherical natural graphaite.

Graphite has a low potential substantially equal to that of
a lithium metal (higher than or equal to 0.1 V and lower than
or equal to 0.3 V vs. L1/LL17) when lithium 1ons are interca-
lated 1nto the graphite (while a lithium-graphite intercalation
compound 1s formed). For this reason, a lithium-ion sec-
ondary battery can have a high operating voltage. In addi-
tion, graphite 1s preferable because of 1ts advantages such as
relatively high capacity per unit volume, small volume
expansion, low cost, and safety greater than that of a lithium
metal.

For the negative electrode active material, a matenal
which enables charge-discharge reactions by an alloying
reaction and a dealloying reaction with lithium can be used.
For example, a matenial including at least one of Ga, S1, Al,
Ge, Sn, Pb, Sb, B1, Ag, Zn, Cd, In, and the like can be used.
Such elements have higher capacity than carbon. In particu-
lar, silicon has a significantly high theoretical capacity of
4200 mAh/g. Examples of the alloy-based material using
such elements include Mg,S1, Mg, Ge, Mg,Sn, V,Sn,,
FeSn,, CoSn,, Ni;Sn,, CuSn., Ag.Sn, Ag.Sb, N1,MnSb,
CeSb,, LaSn,, La,Co,Sn-, CoSb,, InSb, SbSn, and the like.

Alternatively, for the negative electrode active material,
an oxide such as tin monooxide (SnO), tin dioxide (SnO,),
titanium dioxide (110, ), lithium titanium oxide (L1, 11,0, ,),
lithium-graphite intercalation compound (L1,C,), niobium
pentoxide (Nb,O.), tungsten oxide (WQO,), and molybde-
num oxide (MoQO,), or SnS, can be used.

Still alternatively, as the negative electrode active mate-
rial, L1, M N (M=Co, N1, or Cu) with a L1,N structure,
which 1s a nitride containing lithium and a transition metal,
can be used. For example, L1, .Co, ,N; 15 preferable because
of high charge and discharge capacity (900 mAh/g and 1890
mAh/cm?).

A nitride containing lithium and a transition metal 1s
preferably used, in which case lithium 10ns are contained in
the negative electrode active material and thus the negative
clectrode active material can be used in combination with a
material for a positive electrode active material which does
not contain lithium 1ons, such as V,O. or Cr;Oy. In the case
of using a material containing lithium 1ons as a positive
clectrode active material, the nitride containing lithium and
a transition metal can be used for the negative electrode
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active matenial by extracting the lithium 1ons contained 1n
the positive electrode active material 1n advance.
Alternatively, a material which causes a conversion reac-
tion can be used as the negative electrode active matenal.
For example, a transition metal oxide with which an alloying
reaction with lithium 1s not caused, such as cobalt oxide
(Co0), nickel oxide (N10), or 1ron oxide (FeO), may be used
for the negative electrode active matenal. Other examples of

the material which causes a conversion reaction include
oxides such as Fe,O,, CuO, Cu,O, RuO,, and Cr,Os;,
sulfides such as CoS, 45, N1S, or CuS, nitrides such as
/n,N,, Cu;N, and Ge,N,, phosphides such as NiP,, FeP,,
and CoP;, and fluorides such as FelF, and BiF,.

As the binding agent (binder) included in the active
maternial layer 102, instead of polyvinylidene fluoride
(PVdF) as a typical one, polyimide, polytetratfluoroethylene,
polyvinyl chloride, ethylene-propylene-diene polymer, sty-
rene-butadiene rubber, acrylonitrile-butadiene rubber, fluo-
rine rubber, polyvinyl acetate, polymethyl methacrylate,
polyethylene, nitrocellulose or the like can be used.

As described in this embodiment, the graphene oxide is
dispersed 1n a solution containing alcohol or acid and then
heated under reduced pressure, whereby the dispersibility of
graphene oxide 1s improved and a reduction reaction easily
occurs. When the graphene oxide 1s reduced on the maild
condition, graphene that has been improved in electric
conductivity can be formed. With use of such graphene as a
conductive additive, a storage battery electrode including an
active material layer with high electric conductivity can be
formed.

One embodiment of the present invention can be used for
various power storage devices besides the storage battery.
Examples ol power storage devices include a battery, a
primary battery, a secondary battery, a lithtum-1on secondary
battery, a lithtum air battery, and a solid-state battery. In
addition, a capacitor 1s given as another example of the
power storage devices. For example, one embodiment of the
present mvention can be used for a capacitor such as a
lithium-10n capacitor.

Graphene oxide can be used for the following compo-
nents: an electrode for a supercapacitor that has extremely
high capacitance; an oxygen-reduction electrode catalyst; a
material of a dispersion liquid with lower friction than a
lubricant; a transparent electrode for a display device or a
solar battery; a gas-barrier material; a polymer material with
high mechanical strength and lightweight; a material for a
sensitive nanosensor for sensing uranium or plutonium
contained in radiation-tainted water; and a material used for
removing a radioactive material.

In this embodiment, one embodiment of the present
invention has been described. Other embodiments of the
present invention are described in embodiments below. Note
that one embodiment of the present invention 1s not limited
to the above examples. For example, although an example of
including graphene or graphene oxide in an electrode has
been described 1n one embodiment of the present invention,
one embodiment of the present invention 1s not limited to
this example. An electrode 1n one embodiment of the present
invention may include a material other than graphene or
graphene oxide depending on cases or conditions. For
example, an electrode 1n one embodiment of the present
invention does not necessarily include graphene or graphene
oxide depending on cases or conditions.

This embodiment can be implemented 1n appropriate
combination with any of the structures described 1n the other
embodiments.
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(Embodiment 2)

In this embodiment, a method for manufacturing a storage
battery electrode of one embodiment of the present inven-
tion will be described with reference to FIG. 4. Specifically,
a method for manufacturing the storage battery electrode
100 including the active material layer 102 illustrated 1n
FIGS. 2A to 2C 1s described. The method 1ncludes a step of
forming a mixture using an active material, graphene oxide,
a binder, and a solvent, a step of applying the mixture on the
current collector 101, and a step of reducing the graphene
oxide.

Note that the manufacturing method described in Embodi-
ment 1 can be referred to for preparing the graphene oxide
(Step S11), dispersing the graphene oxide into a solution
containing alcohol or acid (Step S12), and heating the
graphene oxide under reduced pressure (Step S13).

After Step S13, the graphene oxide described 1n Embodi-
ment 1 1s dispersed 1n a solvent, and a graphene oxide
dispersion liquid (third dispersion liquid) 1s formed (Step
S14). In the case where the weight of the graphene oxide
exceeds 10 wt %, although 1t depends on the diameter of the
active material particle, the viscosity of the mixture 1is
increased. In a heating step performed after the mixture
contaiming the active material and the graphene oxide is
applied to the current collector 101, convection 1s generated
in the mixture and thin and lightweight graphene oxide
moves and 1s aggregated, whereby a crack might be formed
in the active material layer 102 or the active matenal layer
102 might be separated from the current collector 101. Thus,
the weight of the graphene oxide may be higher than or
equal to 0.2 wt % and lower than or equal to 10 wt % with
respect to the total weight of the mixture. Note that the
graphene oxide 1s reduced by a later heat treatment step to
give the graphene and the weight 1s reduced by almost hall,
and consequently the weight ratio 1n the active material layer
102 becomes 0.1 wt % to S wt %, inclusive.

Next, an active matenal 1s added to the dispersion liquid
made 1n Step S14 and mixed (Step S15). The average
particle diameter of the primary particle of the active mate-
rial 1s preferably greater than or equal to 50 nm and less than
or equal to 500 nm. The weight of added active material 1s
preferably higher than or equal to 85 wt % with respect to
the total weight of the mixture; for example, the weight 1s
higher than or equal to 85 wt % and lower than or equal to
95 wt %.

Note that carbohydrate such as glucose may be mixed at
the time of baking the active material to coat a particle of the
active material with carbon. This treatment can improve the
conductivity.

Next, a mixture of the above 1s kneaded (mixing 1s
performed 1n a highly viscous state), so that the cohesion of
the graphene oxide and the active material can be weakened.
The graphene oxide has a bulky functional group; thus, the
graphene oxides are less likely to be aggregated. Hence, the
graphene oxide can be further uniformly dispersed into the
active matenal layer.

Next, a binder 1s added to this mixture (Step S21). The
weight of the binder 1s determined depending on the weight
of graphene oxide and that of the active material; the binder
1s added so that the weight ratio of the binder to the total of
the mixture 1s higher than or equal to 1 wt % and lower than
or equal to 20 wt %. The binder 1s added while the graphene
oxide 1s uniformly dispersed to be 1n surface contact with the
plurality of particles of the active material, so that the
particles of the active maternial and the graphene oxide can
be bound to each other with the graphene oxide kept
dispersed. Although the binder 1s not necessarily added
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depending on the ratio of the active matenial and the gra-
phene oxide, adding the binder can enhance the strength of
the storage battery electrode.

Next, the solvent 1s added to the mixture until the mixture
has a predetermined degree of viscosity, and mixed, so that
a mixture 1s formed. Formation of the mixture in the above
steps enables the graphene oxide, the active material, and the
binder to be dispersed uniformly.

Here, an undercoat may be formed over the current
collector. Note that the undercoat 1s a coating layer provided
to reduce contact resistance or to improve adhesion between
the current collector and the active material layer. Examples
of the undercoat include a carbon layer, a metal layer, a layer
containing carbon and high molecules, and a layer contain-
ing metal and high molecules. Forming the undercoat over
the current collector can reduce the contact resistance
between the current collector and the active maternial layer
formed later. In addition, the adhesion between the current
collector and the active material layer can be increased. In
the case of using graphene as the conductive additive, the
undercoat 1s preferably not dissolved by a reducing solution
in the process of reducing graphene oxide. Note that in one
embodiment of the present invention, the graphene oxide
can be reduced at low temperature, 1.e., thermal reduction
can be preferably used. Thus, a material used for the
undercoat 1s not influenced by a maternial of the reducing
solution, and the range of choice of the material can be
widened.

As the undercoat, for example, an aqueous solution 1n
which graphite, acetylene black (AB), and the like are
dispersed or the aqueous solution into which high molecules
are mixed can be used. Examples of the undercoat include
a mixture ol graphite and sodium polyacrylate (PAA) and a
mixture of AB and PVdF. The compounding ratio of black
lead to PAA 1s preferably 95:5 to 50:50, and the compound-
ing ratio of AB to PVdF 1s preferably 70:30 to 50:30.

Note that 1f there 1s no problem with the adhesion between
the current collector and the active material layer, the
clectrode strength, and the contact resistance, 1t 1s not
necessary to apply the undercoat to the current collector.

Next, over the current collector 101, the mixture of the
active material, the graphene oxide, the binder, and the
solvent 1s applied (Step S22).

Next, with respect to the mixture applied on the current
collector, the removal of the solvent (Step S16) and the
reduction (Step S17) are performed. As Step S16 and Step
S17, the steps described 1n Embodiment 1 can be employed.

Through the above steps, the storage battery electrode 100
including the active material layer 102 where the graphenes
104 are evenly dispersed to the active material 103 can be
formed. After the step of removing the solvent, a step of
applying pressure may be performed on the storage battery
clectrode 100.

As described 1n this embodiment, an active material 1s
added to the solvent 1n which the graphene oxides including
an alkyl group supported by an ether bond or an ester bond
are dispersed and mixed, so that the graphene oxides can be
dispersed uniformly 1n the active matenal layer. With use of
the active material layer formed in the above-described
manner, a storage battery electrode with high electron con-
ductivity can be formed. Furthermore, when an electrode 1s
formed using the storage battery electrode, a storage battery
with high capacity can be formed.

This embodiment can be implemented 1n appropriate
combination with any of the structures described 1n the other
embodiments.
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(Embodiment 3)

In this embodiment, a method for manufacturing a storage
battery electrode of one embodiment of the present inven-
tion will be described with reference to FIG. 5. Specifically,
a surface of an active material 1s coated with graphene oxide,
and the graphene oxide 1s reduced. After that, with use of the
active material including graphene, a conductive additive, a
binder, and a solvent, a composition containing a solvent
used for formation of the active material layer 102 (the
composition 1s also referred to as electrode binder compo-
sition) 1s formed. Next, a method for manufacturing a

storage battery electrode 100 including the active material
layer 102 1illustrated in FIGS. 2A to 2C, mn which the
clectrode binder composition 1s applied on the current
collector 101, 1s described.

Note that the steps described in Embodiment 1 can be
employed for a step of preparing graphene oxide (Step S11),
a step of dispersing the graphene oxide ito a solution
containing alcohol or acid (Step S12), and a step of heat
treatment (Step S13).

After Step S13, the graphene oxide and the solvent are put
into a mixer, and a graphene oxide dispersion liqud (third
dispersion liquid) 1s formed (Step S14). At this time, the
weight of the graphene oxide 1s preferably higher than or
equal to 0.5 wt % and lower than or equal to 5 wt %. When
the weight of the graphene oxide 1s lower than 0.5 wt %, 1t
1s diflicult to cover the surface of the active material. When
the weight of the graphene oxide 1s higher than 5 wt %, the
clectrode volume 1s increased, and the weight of electrode 1s
increased.

Next, as shown 1 Step S15, the active material 1s added
to the dispersion liquid, and kneading 1s performed. Note
that kneading means mixing something until 1t has a high
viscosity. The kneading can weaken cohesion of the active
material. The graphene oxide has a bulky functional group;
thus, the graphene oxides are less likely to be aggregated.
Hence, the graphene oxide and the active material can be
turther uniformly dispersed.

Next, as shown 1n Step S16, the solvent contained in the
mixture of the graphene oxide and the active material (the
mixture 1s also referred to as first mixture) 1s removed, and
then grinding 1s performed, so that the active material
covered with the graphene oxide 1s obtained.

Next, reduction treatment of the graphene oxide 1s per-
formed as shown in Step S17. For Step S17, the step
described 1 Step S17 can be employed.

In Step S17, the graphene oxide 1s reduced, and the active
material covered with graphene (the matenal 1s also referred
to as second mixture) can be formed. Note that oxygen in
graphene oxide 1s not necessarily entirely removed and may
remain partly in the graphene.

Next, an electrode binder composition (also referred to as
third mixture) 1s formed (Step S31). For formation of the
clectrode binder composition, a binder, a conductive addi-
tive, and the like are added to the above active material, and
mixed with the solvent. The electrode binder composition
may be 1n a slurry form or a paste form. As the solvent, for
example, water or NMP can be used. Water 1s preferably
used 1n terms of the safety and cost.

The case where the storage battery electrode 100 15 a
positive electrode of a storage battery will be described as an
example. Described here 1s an example where the active
material including graphene of one embodiment of the
present invention 1s used, acetylene black 1s used as a

conductive additive, PVdF 1s used as a binder, and NMP 1s
used as a solvent.
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First, the active maternial of one embodiment of the present
invention, acetylene black, and PVdF are mixed. Then,
NMP 1s added to the obtained mixture and mixed until a
predetermined degree of viscosity 1s obtained; thus, the
clectrode binder composition can be formed. In this step, the
mixing and the addition of the polar solvent may be repeated
more than once.

Through the above steps, the electrode binder composi-
tion 1n which the active material, the conductive additive,

and the binder are uniformly mixed can be obtained.
Next, the electrode binder composition i1s provided on one

or both surfaces of the current collector by a coating method
such as a doctor blade method (Step S32).

Next, the solvent contained 1n the electrode binder com-
position provided over the current collector 1s removed by
ventilation drying, reduced pressure drying, or the like (Step
S33). This step 1s preferably performed using, for example,
a hot wind at a temperature higher than or equal to 50° C.
and lower than or equal to 180° C. Through this step, the
polar solvent contained 1n the active matenal layer 1s vapor-
ized. There 1s no particular limitation on the atmosphere.

The active material layer may be pressed by a compres-
s1on method such as a roll press method or a flat plate press
method so as to be densified. Further, by applying heat
higher than or equal to 90° C. and lower than or equal to
180° C., preferably lower than or equal to 120° C. when the
pressing 1s performed, the binder (e.g., PVdF) contained in
the undercoat or the active matenal layer 1s softened to the
extent such that the characteristics of the electrode 1s not
changed; thus, the adhesion between the current collector
and the active material layer can be further increased.

Then, the pressed active material layer 1s heated. The
heating 1s preferably performed under a reduced pressure or
in a reduction atmosphere. This drying step may be per-
formed at temperatures higher than or equal to 50° C. and
lower than or equal to 300° C. for an hour to 48 hours
inclusive, for example. The step allows suflicient evapora-
tion of the polar solvent and moisture 1n the active material
layer.

Moreover, the active matenal layer may be further
pressed. Thus, the adhesion between the current collector
and the active material layer can be increased. In addition,
the active material layer can be consolidated. Furthermore,
by applying heat higher than or equal to 90° C. and lower
than or equal to 180° C., preferably lower than or equal to
120° C. when the pressing 1s performed, the binder (e.g.,
PVdF) contained in the undercoat or the active material
layer 1s softened to the extent such that the characteristics of
the electrode 1s not changed; thus, the adhesion between the
current collector and the active material layer can be further
increased.

Through the above steps, the storage battery electrode 100
including the active material layer 102 where the graphenes
104 are evenly dispersed to the active material 103 can be
formed. In addition, the current collector and the active
maternial layer are shaped into predetermined shapes,
whereby an electrode 1s formed.

Graphene has excellent electrical characteristics of high
conductivity and excellent physical properties of high flex-
ibility and high mechanical strength. Thus, when an elec-
trode including an active maternial a surface of which 1s
provided with graphene 1s used for a battery, the active
material can be prevented from being cleaved and cracked
due to volume change even when the active material 1s
expanded and contracted, which 1s caused by charge-dis-
charge of the battery performed repeatedly.
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Moreover, the pressure applied to the active material can
be moderated by mechanical strength of graphene when the
clectrode 1s pressed 1n a step of manufacturing an electrode.
Thus, the active material can be prevented from being
cleaved and cracked.

Furthermore, the active material can be prevented from
being cleaved and cracked even when such a great stress 1s
applied to the electrode.

When the active material the surface of which 1s provided
with graphene 1s used for an electrode as described above,
a decrease 1n the voltage and discharge capacity of a battery
can be prevented. Accordingly, the charge-discharge cycle
characteristics of the battery can be improved.

This embodiment can be mmplemented 1n approprate
combination with any of the structures described in the other

embodiments.
(Embodiment 4)

In this embodiment, examples of the structure of a storage
battery using electrodes for a storage battery formed by the
manufacturing method described in Embodiment 1 will be
described with reference to FIGS. 11A and 11B, FIG. 12, and
FIGS. 13A and 13B.

(Coin-type Storage Battery)

FIG. 11A 1s an external view of a comn-type (single-layer
flat type) storage battery, and FIG. 11B 1s a cross-sectional
view thereof.

In a coin-type storage battery 300, a positive electrode can
301 doubling as a positive electrode terminal and a negative
clectrode can 302 doubling as a negative electrode terminal
are 1nsulated from each other and sealed by a gasket 303
made of polypropylene or the like. A positive electrode 304
includes a positive electrode current collector 305 and a
positive electrode active material layer 306 provided in
contact with the positive electrode current collector 305. A
negative electrode 307 includes a negative electrode current
collector 308 and a negative electrode active material layer
309 provided 1n contact with the negative electrode current
collector 308. A separator 310 and an electrolytic solution
(not 1llustrated) are provided between the positive electrode
active maternial layer 306 and the negative electrode active
maternal layer 309.

For at least one of the positive electrode 304 and the
negative electrode 307, the storage battery electrode formed
by the method for forming a storage battery electrode of one
embodiment of the present invention, which 1s described 1n
Embodiment 1, can be used.

As the separator 310, an insulator including pores, such as
cellulose (paper), polyethylene, or polypropylene can be
used.

As an electrolyte, a solid electrolyte, an electrolytic
solution containing a supporting electrolyte, or a gel elec-
trolyte obtained by gelation of part of an electrolytic solution
can be used.

As a supporting electrolyte, a material which contains
carrier 1ons can be used. Typical examples of the supporting
clectrolyte are lithium salts such as LiPF ., LiClO,, LiAsF,,
LiBF,, LiCF;SO,, Li(CF;SO,),N, and Li(C,F:SO,),N.
One of these electrolytes may be used alone or two or more
of them may be used 1n an appropriate combination and 1n
an appropriate ratio.

Note that when carrier 1ons are alkali metal 10ns other than
lithium 10ns or alkaline-earth metal 1ons, 1nstead of lithium
in the above lithium salts, an alkali metal (e.g., sodium or
potassium), an alkaline-earth metal (e.g., calcium, stron-
tium, barium, beryllium, magnesium, or the like) may be
used for the electrolyte.
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As a solvent of the electrolytic solution, a material 1n
which carrier 1ons can move can be used. As the solvent of
the electrolytic solution, an aprotic organic solvent 1s pref-
erably used. Typical examples of aprotic organic solvents
include ethylene carbonate (EC), propylene carbonate, dim-
cthyl carbonate, diethyl carbonate (DEC), v-butyrolactone,

acetonitrile, dimethoxyethane, tetrahydrofuran, and the like,
and one or more of these materials can be used. When a
gelled high-molecular material 1s used as the solvent for the
clectrolytic solution, safety against liquid leakage and the
like 1s improved. Further, the storage battery can be thinner
and more lightweight. Typical examples of the gelled high-
molecular material include a silicone gel, an acrylic gel, an
acrylonitrile gel, a poly(ethylene oxide)-based gel, a poly-
propylene oxide)-based gel, a gel of a fluorine-based poly-
mer, and the like.

Alternatively, the use of one or more of 10onic liquds
(particularly, room temperature molten salts) which have
features of non-flammability and non-volatility as a solvent
of the electrolytic solution can prevent the storage battery
from exploding or catching fire even when the storage
battery internally shorts out or the internal temperature
increases owing to overcharging or the like. An 1omic liquid
contains a cation and an anion. Examples of an organic
cation included in an 1onic liquid include aliphatic onium
cations such as a quaternary ammonium cation, a tertiary
sulfonium cation, and a quaternary phosphonium cation, and
aromatic cations such as an imidazolium cation and a
pyridintum cation. Examples of the anion used for the
clectrolytic solution include a monovalent amide-based
anion, a monovalent methide-based anion, a fluorosulfonate
anion, a perfluoroalkylsulfonate anion, tetratluoroborate,
pertluoroalkylborate, hexatluorophosphate, and perfluoro-
alkylphosphate.

Instead of the electrolytic solution, a solid electrolyte
including an 1norganic material such as a sulfide-based
inorganic material or an oxide-based inorganic material, or
a solid electrolyte including a macromolecular material such
as a polyethylene oxide (PEO)-based macromolecular mate-
rial may alternatively be used. In the case of using the solid
clectrolyte, a separator or a spacer 1s not necessary. Further,
the battery can be entirely solidified; therefore, there 1s no
possibility of liquid leakage and thus the safety of the battery
1s dramatically increased.

For the positive electrode can 301 and the negative
clectrode can 302, a metal having a corrosion-resistant
property to a liqmd such as an electrolytic solution in
charging and discharging a secondary battery, such as nickel,
aluminum, or titanium; an alloy of any of the metals; an
alloy contaiming any of the metals and another metal (e.g.,
stainless steel); a stack of any of the metals; a stack
including any of the metals and any of the alloys (e.g., a
stack of stainless steel and aluminum); or a stack including
any of the metals and another metal (e.g., a stack of nickel,
iron, and nickel) can be used. The positive electrode can 301
and the negative electrode can 302 are electrically connected
to the positive electrode 304 and the negative electrode 307,
respectively.

The negative electrode 307, the positive electrode 304,
and the separator 310 are immersed in the electrolytic
solution. Then, as illustrated in FIG. 11B, the positive
clectrode 304, the separator 310, the negative electrode 307,
and the negative electrode can 302 are stacked 1n this order
with the positive electrode can 301 positioned at the bottom,
and the positive electrode can 301 and the negative electrode
can 302 are subjected to pressure bonding with the gasket
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303 interposed therebetween. In such a manner, the coin-
type storage battery 300 can be manufactured.
(Laminated Storage Battery)

FIG. 12 1s an external view of a laminated storage battery
500. FIGS. 13A and 13B are cross-sectional views along
dashed dotted lines A1-A2 and B1-B2 in FIG. 12, respec-
tively. The laminated storage battery 500 1s formed with a
positive electrode 503 including a positive electrode current
collector 501 and a positive electrode active material layer
502, a negative electrode 506 including a negative electrode
current collector 504 and a negative electrode active mate-
rial layer 505, a separator 507, an electrolytic solution 508,
and an exterior body 509. The separator 507 1s provided
between the positive electrode 503 and the negative elec-
trode 506. The electrolytic solution 508 1s provided in the
region surrounded by the exterior body 509.

A laminated battery 500 illustrated in FIG. 12 includes a
positive electrode 503 including a positive electrode current
collector 501 and a positive electrode active material layer
502, a negative electrode 506 including a negative electrode
current collector 504 and a negative electrode active mate-
rial layer 505, a separator 507, an electrolytic solution 508,
and an exterior body 509. The separator 507 1s provided
between the positive electrode 503 and the negative elec-
trode 506 1n the region surrounded by the exterior body 509.
The electrolytic solution 508 1s provided in the region
surrounded by the exterior body 509.

In the laminated storage battery 500 1llustrated 1n FIG. 12,
the positive electrode current collector 301 and the negative
clectrode current collector 504 also serve as terminals for an
clectrical contact with an external portion. For this reason,
cach of the positive electrode current collector 501 and the
negative electrode current collector 504 1s provided so as to
be partly exposed on the outside of the exterior body 509.

As the exterior body 509 1n the laminated storage battery
500, for example, a laminate film having a three-layer
structure where a highly flexible metal thin film of alumi-
num, stainless steel, copper, nickel, or the like 1s provided
over a film formed of a matenial such as polyethylene,
polypropylene, polycarbonate, ionomer, or polyamide, and
an insulating synthetic resin film of a polyamide resin, a

polyester resin, or the like 1s provided as the outer surface of

the exterior body over the metal thin film can be used. With
such a three-layer structure, permeation of an electrolytic
solution and a gas can be blocked and an 1nsulating property
and resistance to the electrolytic solution can be obtained.
(Cylindrical Storage Battery)

Next, an example of a cylindrical storage battery will be
described with reference to FIGS. 14A and 14B. As 1llus-
trated 1n FI1G. 14 A, a cylindrical storage battery 600 includes
a positive electrode cap (battery cap) 601 on the top surface
and a battery can (outer can) 602 on the side surface and
bottom surface. The positive electrode cap 601 and the
battery can 602 are isulated from each other by a gasket
(insulating gasket) 610.

FIG. 14B 1s a diagram schematically illustrating a cross
section of the cylindrical storage battery. Inside the battery
can 602 having a hollow cylindrical shape, a battery element
in which a strip-like positive electrode 604 and a strip-like
negative electrode 606 are wound with a separator 605
interposed therebetween i1s provided. Although not 1llus-
trated, the battery element 1s wound around a center pin. One

end of the battery can 602 1s close and the other end thereof

1s open. For the battery can 602, a metal having a corrosion-
resistant property to a liquid such as an electrolytic solution
in charging and discharging a secondary battery, such as
nickel, aluminum, or titantum; an alloy of any of the metals;
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an alloy containing any of the metals and another metal (e.g.,
stainless steel); a stack of any of the metals; a stack
including any of the metals and any of the alloys (e.g., a
stack of stainless steel and aluminum); or a stack including
any of the metals and another metal (e.g., a stack of nickel,
iron, and nickel) can be used. Inside the battery can 602, the
battery element 1n which the positive electrode, the negative
clectrode, and the separator are wound 1s interposed between
a pair of insulating plates 608 and 609 which face each other.
Further, a nonaqueous electrolytic solution (not illustrated)
1s 1njected inside the battery can 602 provided with the
battery element. As the nonaqueous electrolytic solution, a
nonaqueous electrolytic solution which 1s similar to those of
the above coin-type storage battery and the laminated stor-
age battery can be used.

Although the positive electrode 604 and the negative
clectrode 606 can be formed 1n a manner similar to that of
the positive electrode and the negative electrode of the
coin-type storage battery described above, the difference lies
in that, since the positive electrode and the negative elec-
trode of the cylindrical storage battery are wound, active
materials are formed on both sides of the current collectors.
A positive electrode terminal (positive electrode current
collecting lead) 603 i1s connected to the positive electrode
604, and a negative electrode terminal (negative electrode
current collecting lead) 607 1s connected to the negative
clectrode 606. Both the positive electrode terminal 603 and
the negative electrode terminal 607 can be formed using a
metal material such as aluminum. The positive electrode
terminal 603 and the negative electrode terminal 607 are
resistance-welded to a safety valve mechanism 612 and the
bottom of the battery can 602, respectively. The safety valve
mechanism 612 1s electrically connected to the positive
clectrode cap 601 through a positive temperature coetlicient
(PTC) element 611. The safety valve mechanism 612 cuts
ofl electrical connection between the positive electrode cap
601 and the positive electrode 604 when the internal pres-
sure of the battery exceeds a predetermined threshold value.
Further, the PIC element 611, which serves as a thermally
sensitive resistor whose resistance increases as temperature
rises, limits the amount of current by increasing the resis-
tance, 1 order to prevent abnormal heat generation. Note
that bartum titanate (BaTi0,)-based semiconductor ceramic
or the like can be used for the PTC element.

Note that in this embodiment, the coin-type storage bat-
tery, the laminated storage battery, and the cylindrical stor-
age battery are given as examples of the storage battery;
however, any of storage batteries with a variety of shapes,
such as a sealed storage battery and a square-type storage
battery, can be used. Furthermore, a structure in which a
plurality of positive electrodes, a plurality of negative elec-
trodes, and a plurality of separators are stacked or rolled may
be employed.

As the positive electrodes and the negative electrodes of
the coin-type storage battery 300, the storage battery 500,
and the storage battery 600, which are described in this
embodiment, electrodes formed by the method for forming
a storage battery electrode of one embodiment of the present
invention are used. Thus, the discharge capacity of the
coin-type storage battery 300, and the storage batteries 500

and 600 can be increased.

This embodiment can be implemented 1n appropriate
combination with any of the structures described 1n the other
embodiments.
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(Embodiment 5)

A storage battery including the storage battery electrode
of one embodiment of the present invention can be used for
power supplies of a vaniety of electronic devices driven by
clectric power.

Specific examples of electrical devices each using the
power storage device including a storage battery electrode of
one embodiment of the present invention are as follows:
display devices of televisions, monitors, and the like, light-
ing devices, desktop personal computers and laptop personal
computers, word processors, 1image reproduction devices
which reproduce still images and moving images stored in
recording media such as digital versatile discs (DVDs),
portable CD players, portable radios, tape recorders, head-
phone stereos, stereos, table clocks, wall clocks, cordless
phone handsets, transceivers, mobile phones, car phones,
portable game machines, calculators, portable information
terminals, electronic notebooks, e-book readers, electronic
translators, audio mput devices, video cameras, digital still
cameras, toys, electric shavers, high-frequency heating
appliances such as microwave ovens, electric rice cookers,
clectric washing machines, electric vacuum cleaners, water
heaters, electric fans, hair dryers, air-conditioning systems
such as air conditioners, humidifiers, and dehumidifiers,
dishwashers, dish dryers, clothes dryers, futon dryers, elec-
tric relrigerators, electric freezers, electric refrigerator-
freezers, freezers for preserving DNA, flashlights, electric
power tools such as chain saws, smoke detectors, and
medical equipment such as dialyzers. Further, industrial
equipment such as guide lights, traflic lights, belt conveyors,
clevators, escalators, industrial robots, power storage sys-
tems, and power storage devices for leveling the amount of
power supply and smart grid can be given. In addition,
moving objects driven by electric motors using electric
power from the storage batteries are also included in the
category of electronic devices. Examples of the moving
objects are electric vehicles (EV), hybnd electric vehicles
(HEV) which include both an internal-combustion engine
and a motor, plug-in hybnd electric vehicles (PHEV),
tracked vehicles 1n which caterpillar tracks are substituted
tor wheels of these vehicles, motorized bicycles including
motor-assisted bicycles, motorcycles, electric wheelchairs,
golf carts, boats, ships, submarines, helicopters, aircratts,
rockets, artificial satellites, space probes, planetary probes,
and spacecratts.

In the electronic devices, the storage battery including the
storage battery electrode of one embodiment of the present
invention can be used as a main power supply for supplying
enough electric power for almost the whole power consump-
tion. Alternatively, 1 the electronic devices, the storage
battery including the storage battery electrode of one
embodiment of the present invention can be used as an
uninterruptible power supply which can supply electric
power to the electronic devices when the supply of electric
power from the main power supply or a commercial power
supply 1s stopped. Still alternatively, in the electronic
devices, the storage battery including the storage battery
clectrode of one embodiment of the present invention can be
used as an auxiliary power supply for supplying electric
power to the electronic devices at the same time as the power
supply from the main power supply or a commercial power
supply.

FIG. 15 illustrates specific structures of the electronic
devices. In FIG. 15, a display device 700 1s an example of
an electronic device including a storage battery 704 includ-
ing the storage battery electrode of one embodiment of the
present mvention. Specifically, the display device 700 cor-
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responds to a display device for TV broadcast reception and
includes a housing 701, a display portion 702, speaker
portions 703, and the storage battery 704. The storage
battery 704 including the storage battery electrode of one
embodiment of the present invention 1s provided in the
housing 701. The display device 700 can receive electric
power Irom a commercial power supply. Alternatively, the
display device 700 can use electric power stored in the
storage battery 704. Thus, the display device 700 can be
operated with use of the storage battery 704 including the
storage battery electrode of one embodiment of the present
invention as an uninterruptible power supply even when
clectric power cannot be supplied from a commercial power
supply due to power failure or the like.

A semiconductor display device such as a liquid crystal
display device, a light-emitting device in which a light-
emitting element such as an organic EL element 1s provided
in each pixel, an electrophoresis display device, a digital
micromirror device (DMD), a plasma display panel (PDP),
or a field emission display (FED) can be used for the display
portion 702.

Note that the display device includes, in 1ts category, all
of iformation display devices for personal computers,
advertisement displays, and the like besides TV broadcast
reception.

In FIG. 15, an installation lighting device 710 1s an
example of an electronic device including a storage battery
713 including the storage battery electrode of one embodi-
ment of the present mvention. Specifically, the lighting
device 710 includes a housing 711, a light source 712, and
the storage battery 713. Although FIG. 15 illustrates the case
where the storage battery 713 1s provided 1n a ceiling 714 on
which the housing 711 and the light source 712 are installed,
the storage battery 713 may be prowded in the housing 711.
The lighting device 710 can recerve electric power from a
commercial power supply. Alternatively, the lighting device
710 can use electric power stored 1n the storage battery 713.
Thus, the lighting device 710 can be operated with the use
of storage battery 713 including the storage battery electrode
of one embodiment of the present invention as an uninter-
ruptible power supply even when electric power cannot be
supplied from a commercial power supply due to power
failure or the like.

Note that although the installation lighting device 710
provided 1n the ceiling 714 1s illustrated 1in FIG. 15 as an
example, the storage battery including the storage battery
clectrode of one embodiment of the present invention can be
used 1 an installation lighting device provided in, for
example, a wall 713, a tloor 716, a window 717, or the like
other than the ceiling 714. Alternatively, the storage battery
including the storage battery electrode of one embodiment
of the present invention can be used 1n a tabletop lighting
device or the like.

As the light source 712, an artificial light source which
emits light artificially by using electric power can be used.
Specifically, an incandescent lamp, a discharge lamp such as
a fluorescent lamp, and light-emitting elements such as an
LED and an organic EL element are given as examples of the
artificial light source.

In FIG. 15, an air conditioner including an indoor unit 720
and an outdoor unit 724 1s an example of an electronic
device mcluding a storage battery 723 including the storage
battery electrode of one embodiment of the present inven-
tion. Specifically, the indoor unit 720 includes a housing
721, an air outlet 722, and the storage battery 723. Although
FIG. 15 1llustrates the case where the storage battery 723 1s
provided 1n the indoor unit 720, the storage battery 723 may
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be provided in the outdoor umit 724. Alternatively, the
secondary batteries 723 may be provided 1n both the indoor
unit 720 and the outdoor umt 724. The air conditioner can
receive electric power from a commercial power supply.
Alternatively, the air conditioner can use electric power
stored 1n the storage battery 723. Particularly in the case
where the storage batteries 723 are provided in both the
indoor unit 720 and the outdoor unit 724, the air conditioner
can be operated with use of the storage battery 723 including
the storage battery electrode of one embodiment of the
present invention as an uninterruptible power supply even
when electric power cannot be supplied from a commercial
power supply due to power failure or the like.

Note that although the split-type air conditioner including
the indoor unit and the outdoor unit 1s illustrated 1n FI1G. 15
as an example, the storage battery including the storage
battery electrode of one embodiment of the present inven-
tion can be used 1n an air conditioner in which the functions
of an mdoor unit and an outdoor unit are itegrated 1n one
housing.

In FIG. 15, an electric reifrigerator-ireezer 730 1s an
example of an electrical device including a storage battery
734 1ncluding the storage battery electrode of one embodi-
ment of the present invention. Specifically, the electric
reirigerator-freezer 730 1includes a housing 731, a door for a
refrigerator 732, a door for a freezer 733, and the storage
battery 734. The storage battery 734 1s provided in the
housing 731 1n FIG. 15. The electric refrigerator-freezer 730
can receive electric power from a commercial power supply.
Alternatively, the electric refrigerator-freezer 730 can use
clectric power stored in the storage battery 734. Thus, the
clectric refrigerator-freezer 730 can be operated with use of
the storage battery 734 including the storage battery elec-
trode of one embodiment of the present invention as an
uninterruptible power supply even when electric power
cannot be supplied from a commercial power supply due to
power failure or the like.

Note that among the electronic devices described above,
a high-frequency heating apparatus such as a microwave
oven and an electronic device such as an electric rice cooker
require high power 1n a short time. The tripping of a breaker
of a commercial power supply 1n use of an electronic device
can be prevented by using the storage battery including the
storage battery electrode of one embodiment of the present
invention as an auxiliary power supply for supplying electric
power which cannot be supplied enough by a commercial
power supply.

In addition, 1in a time period when electronic devices are
not used, particularly when the proportion of the amount of
clectric power which i1s actually used to the total amount of
clectric power which can be supplied from a commercial
power supply source (such a proportion referred to as a
usage rate of electric power) 1s low, electric power can be
stored 1n the storage battery, whereby the usage rate of
clectric power can be reduced 1n a time period when the
clectronic devices are used. For example, in the case of the
clectric refrnigerator-freezer 730, electric power can be stored
in the storage battery 734 in night time when the temperature
1s low and the door for a refrigerator 732 and the door for a
freezer 733 are not often opened or closed. Then, 1n daytime
when the temperature 1s high and the door for a refrigerator
732 and the door for a freezer 733 are frequently opened and
closed, the storage battery 734 1s used as an auxiliary power
supply; thus, the usage rate of electric power 1n daytime can
be reduced.

This embodiment can be implemented 1n combination
with any of the other embodiments as appropriate.

10

15

20

25

30

35

40

45

50

55

60

65

26

(Embodiment 6)

The portable information terminal which 1s an example of
electronic devices 1s described with reference to FIGS. 16 A
to 16C.

FIGS. 16 A and 16B 1illustrate a tablet terminal 800 which

can be folded. In FIG. 16A, the tablet terminal 800 1s

opened, and includes a housing 801, a display portion 802a,
a display portion 8025, a switch 803 for switching display
modes, a power switch 804, a switch 805 for switching to
power-saving mode, and an operation switch 807.

A touch panel area 808a can be provided in part of the
display portion 802q, in which area, data can be input by
touching displayed operation keys 809. Note that half of the
display portion 802a has only a display function and the
other half has a touch panel function. However, the structure
of the display portion 802a 1s not limited to this, and all the
area of the display portion 802a may have a touch panel
function. For example, a keyboard can be displayed on the
whole display portion 802a to be used as a touch panel, and
the display portion 8026 can be used as a display screen.

A touch panel area 8085 can be provided in part of the
display portion 8025 like 1n the display portion 802a. When
a keyboard display switching button 810 displayed on the
touch panel 1s touched with a finger, a stylus, or the like, a
keyboard can be displayed on the display portion 8025.

The touch panel area 808a and the touch panel arca 8085
can be controlled by touch 1nput at the same time.

The switch 803 for switching display modes allows
switching between a landscape mode and a portrait mode,
color display and black-and-white display, and the like. The
switch 8035 for switching to power-saving mode allows
optimizing the display luminance in accordance with the
amount of external light in use which 1s detected by an
optical sensor incorporated in the tablet terminal. In addition
to the optical sensor, other detecting devices such as sensors
for determining inclination, such as a gyroscope or an
acceleration sensor, may be incorporated in the tablet ter-
minal.

Note that FIG. 16A 1llustrates an example in which the
display portion 802a and the display portion 8025 have the
same display area; however, without limitation thereon, one
of the display portions may be different from the other
display portion 1n size and display quality. For example, one
of the display portions 802a and 80256 may display higher
definition images than the other.

FIG. 16B 1illustrates the tablet terminal 800 1n the state of
being closed. The tablet terminal 800 includes the housing
801, a solar cell 811, a charge/discharge control circuit 850,
a battery 851, and a DC-DC converter 852. FIG. 16B
illustrates an example where the charge/discharge control
circuit 850 includes the battery 851 and the DC-DC con-
verter 852. The storage battery including the storage battery
clectrode of one embodiment of the present invention, which
1s described 1n the above embodiment, 1s used as the battery
851.

Since the tablet terminal 800 can be folded, the housing
801 can be closed when the tablet terminal 1s not in use.
Thus, the display portions 802a and 8025 can be protected,
which permits the tablet terminal 800 to have high durability
and 1improved reliability for long-term use.

The tablet terminal 1llustrated 1n FIGS. 16A and 16B can
have other functions such as a function of displaying various
kinds of data (e.g., a still image, a moving 1mage, and a text
image), a function of displaying a calendar, a date, the time,
or the like on the display portion, a touch-input function of
operating or editing the data displayed on the display portion
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by touch nput, and a function of controlling processing by
various kinds of software (programs).

The solar cell 811, which 1s attached on a surface of the
tablet terminal, can supply electric power to a touch panel,
a display portion, an 1mage signal processor, and the like.
Note that the solar cell 811 can be provided on one or both
surfaces of the housing 801 and thus the battery 851 can be
charged efliciently.

The structure and operation of the charge/discharge con-

trol circuit 850 illustrated in FIG. 16B will be described with
reference to a block diagram of FIG. 16C. FIG. 16C illus-
trates the solar cell 811, the battery 851, the DC-DC con-
verter 852, a converter 853, switches SW1 to SW3, and the
display portion 802. The battery 851, the DC-DC converter
852, the converter 853, and the switches SW1 to SW3
correspond to the charge/discharge control circuit 850 1n
FIG. 16B.

First, an example of operation 1n the case where electric
power 1s generated by the solar cell 811 using external light
will be described. The voltage of electric power generated
by the solar cell 1s raised or lowered by the DC-DC
converter 852 so that the electric power has a voltage for
charging the battery 851. When the display portion 802 is
operated with the electric power from the solar cell 811, the
switch SW1 1s turned on and the voltage of the electric
power 1s raised or lowered by the converter 853 to a voltage
needed for operating the display portion 802. In addition,
when display on the display portion 802 1s not performed,
the switch SW1 1s turned off and the switch SW2 1s turned
on so that the battery 851 may be charged.

Although the solar cell 811 1s described as an example of
power generation means, there 1s no particular limitation on
the power generation means, and the battery 851 may be
charged with any of the other means such as a piezoelectric
clement or a thermoelectric conversion element (Peltier
clement). For example, the battery 851 may be charged with
a non-contact power transmission module capable of per-
forming charging by transmitting and receiving electric
power wirelessly (without contact), or any of the other
charge means used 1n combination.

It 1s needless to say that one embodiment of the present
invention 1s not limited to the electronic device illustrated 1n
FIGS. 16A to 16C as long as the electronic device 1is
equipped with the storage battery including the storage
battery electrode of one embodiment of the present inven-
tion, which 1s described 1n the above embodiment.
(Embodiment 7)

Furthermore, an example of the moving object which 1s an
example of electronic device will be described with refer-
ence to FIGS. 17A and 17B.

The storage battery described in the above embodiment
can be used as a control battery. The control battery can be
externally charged by electric power supply using a plug-in
technique or contactless power feeding. Note that 1n the case
where the moving object 1s an electric railway vehicle, the
clectric railway vehicle can be charged by electric power
supply from an overhead cable or a conductor rail.

FIGS. 17A and 17B 1illustrate an example of an electric
vehicle. An electric vehicle 860 1s equipped with a battery
861. The output of the electric power of the battery 861 1is
adjusted by a control circuit 862 and the electric power 1s
supplied to a driving device 863. The control circuit 862 1s
controlled by a processing unit 864 including a ROM, a
RAM, a CPU, or the like which i1s not illustrated.

The driving device 863 includes a DC motor or an AC
motor either alone or 1 combination with an internal-
combustion engine. The processing unit 864 outputs a
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control signal to the control circuit 862 based on input data
such as data on operation (e.g., acceleration, deceleration, or
stop) of a driver or data during dniving (e.g., data on an

upgrade or a downgrade, or data on a load on a dniving
wheel) of the electric vehicle 860. The control circuit 862
adjusts the electric energy supplied from the battery 861 1n
accordance with the control signal of the processing unit 864
to control the output of the driving device 863. In the case
where the AC motor 1s mounted, although not illustrated, an
inverter which converts direct current into alternate current
1s also 1ncorporated.

The battery 861 can be charged by external electric power
supply using a plug-in technique. For example, the battery
861 i1s charged through a power plug from a commercial
power supply. The battery 861 can be charged by converting
the supplied power into DC constant voltage having a
predetermined voltage level through a converter such as an
AC-DC converter. The use of the storage battery including
the storage battery electrode of one embodiment of the
present invention as the battery 861 can contribute to an
increase 1n battery capacity, leading to an improvement 1n
convenience. When the battery 861 1tsell can be more
compact and more lightweight as a result of improved
characteristics of the battery 861, the vehicle can be light-
weight, leading to an increase 1n fuel efliciency.

Note that 1t 1s needless to say that one embodiment of the
present invention 1s not limited to the electronic device
described above as long as the storage battery of one
embodiment of the present invention 1s imncluded.

This embodiment can be implemented in combination
with any of the other embodiments as appropriate.
[Example 1]

One embodiment of the present invention 1s specifically
described below with examples. This example shows results
of formation of a positive electrode by the method described
in Embodiment 2. Note that the present invention 1s not
limited to the following examples.

(Formation of Graphene Oxide)

Three kinds of graphene oxides (Graphene Oxides A to C)
were formed by diflerent steps and used for formation of
clectrodes. In addition, a graphene oxide formed without
Step S12 was formed as Comparative Example 1 and used
for formation of an electrode.

First, a dispersion liquid of graphene oxide (hereinafter,
referred to as graphene oxide dispersion liquid) was formed
by a method described below. At the beginning, 4 g of
graphite and 138 mL of concentrated sulfuric acid were
mixed to prepare a mixed solution. Then, 10 g of potasstum
permanganate was added to the mixed solution while they
were stirred 1n an 1ce bath. The mixed solution was removed
from the 1ce bath and stirring was performed at about 25° C.
for 4.5 hours, so that Mixed Solution A containing graphite
oxide was formed.

Then, 276 mL of water was added to Mixed Solution A
containing graphite oxide while being stirred in an 1ce bath.
After the resulting mixed solution was stirred 1n an o1l bath
at about 98° C. for 15 minutes so that reaction was caused,
400 mL of water and 30 mL of hydrogen peroxide solution
(with a concentration of 30 wt %) were added to the mixed
solution while they were stirred, 1n order to deactivate

unreacted potassium permanganate. Consequently, Mixed
Solution B was formed.

Next, suction filtration of Mixed Solution B was carried
out using a membrane filter with a pore size of 0.45 um to
form a precipitate. After that, a mixed solution which was
tormed by adding a 3.5% hydrochloric acid to the precipitate
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and then stirring the mixture was subjected to suction
filtration, so that a precipitate containing the graphite oxide
was formed.

The precipitate containing the graphite oxide was mixed
with 4 L of water and ultrasonic waves with a frequency of
40 kHz were applied to the obtained mixed solution for an
hour, so that a graphene oxide dispersion was formed. Next,
centrifugation was carried out at 9000 rpm to collect pre-
cipitated graphene oxide.

The obtained graphene oxide was dispersed into alcohol,
and the pressure was reduced while the solution was stirred
at 30° C. using an evaporator. The obtained sample was
grounded with an automatic mortar and then located under
reduced pressure, so that Graphene Oxides A to C were
tformed. Graphene Oxide A was formed by using ethanol as
the alcohol. Graphene Oxide B was formed by using metha-
nol as the alcohol. Graphene Oxide C was formed by using
1-propanol as the alcohol.

In formation of Comparative Example 1, the obtained
graphene oxide was stirred under reduced pressure at 30° C.
for 5 hours with an evaporator. The obtained sample was
crushed with a dancing mill and located under reduced
pressure, so that Comparative Example 1 was formed.

FIG. 6 shows solid-state "°C NMR spectra of Compara-
tive Example 1 and Graphene Oxides A to C. In spectra of
Graphene Oxides A to C, the intensities of peaks at 73 ppm
were largely decreased as compared with that of a peak in
Comparative Example 1. In the spectra of Graphene Oxides
B and C, peaks at 63 ppm were decreased. The peaks at 73
ppm and 63 ppm are attributed to carbon of an epoxy group
and carbon bonded to a hydroxyl group. In the spectrum of
Graphene Oxide A, peaks attributed to an ethoxy group were
observed at 63 ppm and 19 ppm. In the spectrum of
Graphene Oxide B, a peak attributed to a methoxy group
was observed at 53 ppm. In the spectrum of Graphene Oxide
C, peaks attributed to a 1-propoxy group were observed at
69 ppm, 27 ppm, and 12.5 ppm.

The above observation results show that in each of
Graphene Oxides A to C, the amount of epoxy groups was
smaller than that in Comparative Example 1, and an alkoxy
group attributed to the added alcohol was introduced.

Next, battery cells 1n which positive electrodes including
conductive additives using Graphene Oxides A to C and
Comparative Example 1 as raw materials are incorporated
were formed, and charge and discharge characteristics of the
battery cells were compared.

(Formation of Positive Electrode)

Using Graphene Oxides A to C and Comparative Example
1, positive electrodes were formed. First, positive electrode
active material (LiFePQO, ) particles, a binder (PVdF manu-
tactured by KUREHA Corporation), any one of Graphene
Oxides A to C and Comparative Example 1 as a raw material
of the conductive additive were mixed, whereby a mixture
(also referred to as positive electrode paste) was formed. The
compounding ratio (LiFePO,:graphene oxide:PVdF) i the
positive electrode paste was set to 93:2:5 (unit: wt %). The
positive electrode past was applied to a current collector
(aluminum) and heated and reduced under reduced pressure,
whereby a positive electrode was formed. The supported
amount of the positive electrode paste with respect to the
current collector was 6 mg/cm®. For a reduction method of
the graphene oxide, thermal reduction or chemical reduction
was used.

Thermal reduction treatment of the graphene oxide was
performed 1n such a manner that an active material layer was
heated at 170° C. for 10 hours under reduced pressure.
Chemical reduction treatment of the graphene oxide was
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performed 1n such a manner that an active material layer was
immersed in a polar solvent containing a reducing agent and
heated at 60° C. for an hour. As the solvent, an aqueous
solution containing NMP at 90 vol % was used, and as a
reducing agent, a solution 1 which ascorbic acid was
dissolved at 77 mmol/LL was used.

(Discharge Characteristics)

The obtained positive electrodes were incorporated in half
cells, and charge and discharge characteristics of the cells
were measured. A lithium metal was used as a negative
clectrode. The electrolyte solution was formed 1n such a way
that lithtum hexatluorophosphate (LiPF ) was dissolved at a
concentration of 1 mol/LL 1n a solution 1n which ethylene
carbonate (EC) and diethyl carbonate (DEC) were mixed at
a volume ratio of 1:1.

The cells are called Cells A, B, C, D, E, and F, Compara-
tive Example 2, and Comparative Example 3, for conve-
nience. Cells A, B, and C indicate the cells including
clectrodes that were subjected to thermal reduction treat-
ment and used Graphene Oxides A, B, and C as raw
materials of conductive additives. Cells D, E, and F indicate
cells mcluding electrodes that were subjected to chemaical
reduction treatment and used Graphene Oxides A, B, and C
as raw materials of conductive additives. In addition, Com-
parative Example 2 indicates a cell including an electrode
that was subjected to thermal reduction treatment and used
Comparative Example 1 as a raw material of the conductive
additive. Comparative Example 3 indicates a cell including
an electrode that was subjected to chemical reduction treat-
ment and used Comparative Example 1 as a raw material of
the conductive additive.

Next, measurement results of charge and discharge char-
acteristics of the formed cells are described.

First, constant current (CC) charging, constant current
constant voltage (CCCV) charging, and CC discharging are
described.
<CC Charging>

CC charging 1s described. CC charging 1s a charging
method 1n which a constant current 1s made to flow to a
secondary battery in the whole charging period and charging
1s terminated when the voltage reaches a predetermined
voltage. The secondary battery 1s assumed to be expressed
by an equivalent circuit with internal resistance R and
secondary battery capacity C as illustrated in FIG. 7A. In
this case, a secondary battery voltage V 1s the sum of a
voltage V, applied to the internal resistance R and a voltage
V . applied to the secondary battery capacity C.

While the CC charging 1s performed, a switch 1s on as
illustrated 1n FIG. 7A, so that a constant current I flows to
the secondary battery. During the period, the current I 1s
constant; thus, according to the Ohm’s law (V,=Rxl), the
voltage V, applied to the internal resistance R 1s also
constant. In contrast, the voltage V - applied to the secondary
battery capacity C 1increases over time. Accordingly, the
secondary battery voltage V5 increases over time.

When the secondary battery voltage V , reaches a prede-
termined voltage, e.g., 4.1 V, the charging 1s terminated. On
termination of the CC charging, the switch 1s turned off as
illustrated 1n FIG. 7B, and the current I becomes 0. Thus, the
voltage V, applied to the internal resistance R becomes 0 V.,
Consequently, the secondary battery voltage V , 1s decreased
by the lost voltage drop 1n the internal resistance R.

FIG. 7C shows an example of the secondary battery
voltage V and charging current while the CC charging 1s
performed and after the CC charging i1s terminated. The
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secondary battery voltage V ; increases while the CC charg-
ing 1s performed, and slightly decreases after the CC charg-
ing 1s terminated.

<CCCV Charging>

Next, CCCV charging will be described. CCCV charging
1s a charging method 1 which CC charging 1s performed
until the voltage reaches a predetermined voltage and then
CV (constant voltage) charging i1s performed until the
amount of current flow becomes small, specifically, a ter-
mination current value.

While the CC charging i1s performed, a switch of a
constant current power source 1s on and a switch of a
constant voltage power source 1s ofl as illustrated 1n FIG.
8A, so that the constant current I tflows to a secondary
battery. During the period, the current I 1s constant; thus,
according to the Ohm’s law (V,=RxI), the voltage V.,
applied to the internal resistance R 1s also constant. In
contrast, the voltage V - applied to the secondary battery
capacity C increases over time. Accordingly, the secondary
battery voltage V, increases over time.

When the secondary battery voltage V , reaches a prede-
termined voltage, e.g., 4.1 V, switching 1s performed from
the CC charging to the CV charging. While the CV charging
1s performed, the switch of the constant voltage power
source 1s on and the switch of the constant current power
source 1s off as illustrated 1n FIG. 8B; thus, the secondary
battery voltage V5 1s constant. In contrast, the voltage V -
applied to the secondary battery capacity C increases over
time. Since V=V ,+V ~1s satisfied, the voltage V ,, applied to
the 1internal resistance R decreases over time. As the voltage
V. applied to the internal resistance R decreases, the current
I flowing to the secondary battery also decreases according
to the Ohm’s law (V ,=RxI).

When the current 1 flowing to the secondary battery
becomes a predetermined current, e.g., approximately 0.01
C, charging 1s terminated. On termination of the CCCV
charging, all the switches are turned ofl as illustrated 1n FIG.
8C, so that the current I becomes 0. Thus, the voltage V,
applied to the internal resistance R becomes 0 V. However,
the voltage V,, applied to the internal resistance R becomes
suiliciently small by the CV charging; thus, even when a
voltage drop no longer occurs 1n the internal resistance R,
the secondary battery voltage V , hardly decreases.

FIG. 8D shows an example of the secondary battery
voltage V, and charging current while the CCCV charging
1s performed and after the CCCV charging 1s terminated.
Even after the CCCV charging 1s terminated, the secondary
battery voltage V, hardly decreases.
<CC Discharging>

Next, CC discharging will be described. CC discharging
1s a discharging method in which a constant current 1s made
to tlow from a secondary battery in the whole discharging
period and discharging 1s ended when the secondary battery
voltage V, reaches a predetermined voltage, e.g., 2.5 V.

FIG. 9 shows an example of the secondary battery voltage
V. and charging current while the CC discharging 1s per-
formed. As discharging proceeds, the secondary battery
voltage V5 decreases.

Next, a charge rate and a discharge rate will be described.
The discharge rate refers to the relative ratio of discharging
current to battery capacity and 1s expressed 1n a unit C. A
current of approximately 1 C 1n a battery with a rated
capacity X (Ah) 1s X A. The case where discharging 1is
performed at a current of 2X A 1s rephrased as follows:
discharging 1s performed at 2 C. The case where discharging
1s performed at a current of X/5 A 1s rephrased as follows:
discharging 1s performed at 0.2 C. Similarly, the case where
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charging 1s performed at a current of 2X A 1s rephrased as
follows: charging 1s performed at 2 C, and the case where
charging 1s performed at a current of X/5 A 1s rephrased as
tollows: charging 1s performed at 0.2 C.

In this example, the charging condition was CCCV charg-
ing, and the charging rate was set to 0.2 C for measurement.
The discharge condition was CC discharging, and the dis-
charging rate was changed per cycle, 0.2 C,02C, 1 C, 2 C,
5 C, and 10 C, for measurement. FIGS. 10A and 10B show
discharge curves when the discharging rate 1s 10 C.

FIGS. 10A and 10B are each a graph showing the dis-
charge characteristics, where the horizontal axis represents
discharge capacity (mAh/g) and the vertical axis represents
voltage (V).

Cells A, B, and C each have higher discharge capacity
than Comparative Example 2. In particular, Cell C has the
most favorable discharge characteristics. Moreover, Cell C
has higher plateau potential than Comparative Example 2.

Cells D, E, and F each have higher discharge capacity
than Comparative Example 3. In particular, Cell F has the
most favorable discharge characteristics.

As described above, the cell that includes an electrode
using graphene oxide with an alkoxy group as a raw material
of a conductive additive has more favorable discharge
characteristics than the cell that includes an electrode using
graphene oxide without an alkoxy group as a raw material of
a conductive additive. In particular, when an electrode that
includes Graphene Oxide C using 1-propanol was used,
Cells C and F having the most favorable discharge charac-
teristics can be obtained. Thus, it 1s found that a network for
clectron conductivity 1s sufliciently formed 1n a positive
clectrode active material layer 1n which graphene oxide with
an alkoxy group 1s dispersed in the positive electrode paste.

Furthermore, 1n the cell that includes an electrode formed
by thermal reduction performed on graphene oxide with
1-propoxy group, a plateau potential 1s increased as com-
pared with that in the cell that includes an electrode formed
by thermal reduction performed on graphene oxide without
an alkoxy group. Thus, the electrode formed by thermal
reduction performed on graphene oxide with 1-propoxy
group has high conductivity. In contrast, on the condition
that chemical reduction was performed, a change 1n plateau
potential depending on the presence or absence of an alkoxy
group on the graphene oxide was not observed. Thus, 1t 1s
revealed that the graphene oxide with 1-propoxy group can
be reduced efliciently to be graphene by thermal reduction.

Next, the graphene oxide was reduced to be reduced
graphene oxide (RGO), and the electrical conductivity of
RGO was evaluated by powder electrical conductivity mea-
surement.

(Formation of RGO)

Graphene Oxides A to C were held under reduced pres-
sure for an hour and then subjected to heat treatment. In the
heat treatment, the temperature was increased to 170° C. and
then held for 10 hours. The obtained RGOs were put 1nto a
pellet dice with a radius of 5 mm and pressurization was
performed by a hydraulic pump for 10 minutes and stopped,
and after that, pressurization was performed again for 10
minutes, so that pellets were formed. The pressure applied to
powder per unit area was approximately 7.5 Mgf/cm”. The
obtained pellets are referred to as Samples A to C. Samples
A, B, and C correspond to RGOs formed using Graphene
Oxides A, B, and C. In addition, Comparative Example 1
was also subjected to reduction treatment to form a pellet, so
that Comparative Example 4 was formed.

The resistivities of Sample A, Sample B, Sample C, and
Comparative Example 4 were measured by a four-point van
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der Pauw method. For the measurement of the resistivities,
Res1Test8300 (manufactured by TOYO Corporation) was
used. A result thereotf 1s shown 1n Table 1.

TABLE 1
Electrtic

Sample Conductivity [S/cm] Resistivity [€2 - cm]
Comparative 7.05 1.42 x 107!
Example 4

Sample A 1.52 x 10 6.57 x 1072
Sample B 8.65 1.16 x 1071
Sample C 1.41 x 10 7.09 x 1072

Table 1 shows electric conductivity and resistivities of
Comparative Example 4 and Samples A to C.

As shown 1 Table 1, Samples A to C each have higher
clectric conductivity than Comparative Example 4. Accord-
ing to this result, Samples A to C are more reduced than
Comparative Example 4 and have graphene structures. This
suggests that the graphene oxide formed using alcohol 1s

more likely to be reduced by thermal reduction than gra-
phene oxide formed using water.
(Comparison of Reduction Rate)

Next, 1n order to compare the reduction rates of graphene
oxides under mild conditions, Graphene Oxide A, Graphene
Oxide C, and Comparison Example 1 were stored for year
and a half. The samples were stored 1n a dry room at 25° C.

Solid-state "*C NMR of Graphene Oxides A and C and
Comparative Example 1 after storage was measured and
compared with those before storage. In Comparative
Example 1, a large change 1n spectrum between before and
after the storage was not observed. In contrast, in Graphene
Oxide A after the storage, peaks at 63 ppm and 19 ppm
attributed to an ethoxy group disappeared, and the intensity
of a broad peak at approximately 130 ppm attributed to
carbon of graphene was increased. In Graphene Oxide C, the
intensities of peaks at 69 ppm, 27 ppm, and 12.5 ppm
attributed to a propoxy group were decreased, and the
intensity of a broad peak at approximately 130 ppm was
increased. The above results suggest that Graphene Oxides
A and C were reduced through the storage. Thus, it 1s
confirmed that the graphene oxide including an alkoxy
group 1s easily reduced at room temperature.

EXPLANATION OF REFERENC.

T

100: storage battery electrode, 101: current collector, 102:
active material layer, 103: active material, 104: graphene,
106: graphene oxide, 107: graphene oxide, 108: graphene
oxide, 300: coin-type storage battery, 301: positive electrode
can, 302: negative electrode can, 303: gasket, 304: positive
clectrode, 305: positive electrode current collector, 306:
positive electrode active material layer, 307: negative elec-
trode, 308: negative electrode current collector, 309: nega-
tive electrode active material layer, 310: separator, 500:
storage battery, 501: positive electrode current collector,
502: positive electrode active material layer, 503: positive
clectrode, 504: negative electrode current collector, 505:
negative electrode active material layer, 506: negative elec-
trode, 507: separator, 508: clectrolytic solution, 309: exterior
body, 600: storage battery, 601: positive electrode cap, 602:
battery can, 603: positive electrode terminal, 604: positive
clectrode, 605: separator, 606: negative eclectrode, 607:
negative electrode terminal, 608: insulating plate, 609: 1nsu-
lating plate, 610: gasket (insulating gasket), 611: PTC ele-
ment, 612: safety valve mechanism, 700: display device,
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701: housing, 702: display portion, 703: speaker portion,
704: storage battery, 710: lighting device, 711: housing, 712:
light source, 713: storage battery, 714: ceiling, 715: wall,
716: ftloor, 717: window, 720: indoor umt, 721: housing,
722: air outlet, 723: storage battery, 724: outdoor unit, 730:
clectric refrigerator-freezer, 731: housing, 732: door for
refrigerator, 733: door for freezer, 734: storage battery, 800:
tablet terminal, 801: housing, 802: display portion, 802a:
display portion, 802b: display portion, 803: switch for
switching display modes, 804: power switch, 805: switch for
switching to power-saving mode, 807: operation switch,
808a: touch panel area, 808b: touch panel area, 809: opera-
tion key, 810: keyboard display switching button, 811: solar
cell, 850: charge/discharge control circuit, 851: battery, 852:
DC-DC converter, 853: converter, 860: electric vehicle, 861:
battery, 862: control circuit, 863: driving device, 864: pro-
cessing unit

This application 1s based on Japanese Patent Application
serial no. 2014-172503 filed with Japan Patent Office on
Aug. 277, 2014, the entire contents of which are hereby
incorporated by reference.

The mmvention claimed 1s:
1. Amethod for manufacturing a storage battery electrode,
comprising the steps of:
dispersing graphene oxide into a solution, the solution
containing alcohol or acid;
heating the graphene oxide in the solution;
forming a mixture of the graphene oxide, an active
material, a binder, and a solvent after heating the
graphene oxide;
applying the mixture on a current collector;
removing the solvent in the mixture after applying; and
reducing the graphene oxide in the mixture, so that an
active material layer containing graphene i1s formed
over the current collector,
wherein the graphene oxide includes an alkoxy group
after the heating, and
wherein the step of reducing 1s performed by immersing
the graphene oxide 1 a polar solvent containing a
reducing agent.
2. A method for manufacturing a storage battery electrode,
comprising the steps of:
dispersing graphene oxide into a solution, the solution
containing alcohol or acid;
heating the graphene oxide 1in the solution;
forming a first mixture of the graphene oxide and an
active material after heating the graphene oxide;
forming a second mixture by reducing the graphene oxide
in the first mixture;
forming a third mixture of the second mixture, a binder,
a conductive additive, and a solvent,
applying the third mixture on a current collector; and
removing the solvent in the third mixture, so that an active
material layer containing graphene 1s formed over the
current collector,
wherein the graphene oxide includes an alkoxy group
after the heating, and
wherein the step of reducing 1s performed by immersing
the graphene oxide in a polar solvent containing a
reducing agent.
3. The method for manufacturing a storage battery elec-
trode according to claim 1,
wherein the step of reducing i1s performed by heating the
graphene oxide, and
wherein a heating temperature 1s higher than or equal to
60° C. and lower than or equal to 150° C.
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4. The method for manufacturing a storage battery elec-
trode according to claim 2,

wherein the step of reducing is performed by heating the

graphene oxide, and

wherein a heating temperature 1s higher than or equal to

60° C. and lower than or equal to 150° C.

5. The method for manufacturing a storage battery elec-
trode according to claim 1, wherein the alcohol 1s 1-propanol
or 2-propanol.

6. The method for manufacturing a storage battery elec-
trode according to claim 2, wherein the alcohol 1s 1-propanol
or 2-propanol.

7. The method for manufacturing a storage battery elec-
trode according to claim 1, whereimn the acid 1s carboxylic
acid.

8. The method for manufacturing a storage battery elec-
trode according to claim 2, wherein the acid 1s carboxylic
acid.
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